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PYRIDINE NUCLEOTIDE TRANSHYDROGENASE 
Ill. ANIMAL TISSUE TRANSHYDROGENASES* 
By NATHAN O. KAPLAN, SIDNEY P. COLOWICK, ann ELIZABETH F. 
NEUFELD 
(From the McCollum-Pratt Institute, The Johns Hopkins University, Baltimore, 
Maryland) 


(Received for publication, April 15, 1953) 


In previous communications, an enzyme from Pseudomonas fluorescens 
has been described, that catalyzes a transfer of electrons between the pyri- 
dine nucleotides (1-3). This enzyme, which has been termed pyridine 
nucleotide transhydrogenase, was shown to promote Reactions 1 to 5. 


(1) TPNH + DPN+ — TPN+ + DPNH 

(2) TPNH + desamino DPN*+ — TPN* + desamino DPNH 
(3) Desamino TPNH + DPN*+ — desamino TPN*+ + DPNH 
(4) Desamino DPNH + DPN* = desamino DPNt+ + DPNH 
(5) Desamino TPNH + TPN* — desamino TPN*+ + TPNH 


We have been able to detect the presence of pyridine nucleotide trans- 
hydrogenase activity in a number of animal tissues. The present paper 
deals with the properties and specificity of the animal transhydrogenases. 
Evidence will be cited which indicates differences between the animal and 
bacterial systems. 


Methods and Materials 


DPN and TPN of approximately 80 per cent purity were prepared by 
the column chromatographic procedure of Kornberg and Horecker (un- 
published). Reduced DPN and reduced TPN were prepared as described 
previously (2, 4). Desamino DPN was made by treating DPN with 
NaNO: and acetic acid, as outlined in a previous publication (5). After 
the reaction with the nitrite was complete, the mixture was adjusted with 
nitric acid until blue to Congo paper and the desamino DPN was precipi- 
tated with 10 volumes of acetone. The compound was washed with ace- 


* Contribution No. 40 of the McCollum-Pratt Institute. Aided by grants from 
the American Cancer Society, as recommended by the Committee on Growth of the 
National Research Council, the Rockefeller Foundation, and the Williams-Waterman 
Fund. 

1 The following abbreviations will be used: DPN, diphosphopyridine nucleotide; 
TPN, triphosphopyridine nucleotide; the oxidized forms, DPN*+ and TPN*; the re- 
duced forms DPNH and TPNH; tris(hydroxymethyl)aminomethane, Tris. DPNH 
and TPNH are employed instead of DPNH, and TPNH; of previous papers (1, 2). 
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2 TRANSHYDROGENASE. III 


tone and then ether and dried. Desamino TPN was prepared from TPN 
in an identical fashion.” 

The oxidized glutathione used in these experiments was obtained from 
the Schwarz Laboratories. Sodium d-isocitrate was prepared as described 
previously (1). The digitonin was kindly supplied by Merck and Com- 
pany. 

Yeast alcohol dehydrogenase was crystallized according to the method 
of Racker (6). The DPN-specific isocitric dehydrogenase of yeast was 
purified from brewers’ yeast by the procedure of Kornberg and Pricer (7); 
this preparation showed only a trace of activity with TPN. 

TPN-specific isocitric dehydrogenase was obtained from an acetone pow- 
der of pig heart and fractionated essentially as described by Grafflin and 
Ochoa (8). After extraction of the powder with 10 volumes of cold phos- 
phate buffer (0.1 M, pH 7.5), the extract was fractionated with ammonium 
sulfate. The highest activity of the enzyme was found in the fraction pre- 
cipitating between 50 and 60 per cent saturation; this fraction was devoid 
of any DPN isocitric dehydrogenase. 

A glutathione reductase from peas specific for reduced TPN has been 
described by Mapson and Goddard (9). The enzyme was partially purified 
by extracting dried peas (which had been mechanically powdered) with 10 
volumes of cold phosphate buffer (0.1 m, pH 6.7) and then fractionating 
with ammonium sulfate. The precipitates were dissolved in a few ml. of 
Tris buffer, pH 7.5 (0.1m). The enzyme was distributed in approximately 
equal amounts between the 40 to 50 per cent fraction and the 50 to 60 
per cent fraction. These fractions showed negligible activity with reduced 
DPN and oxidized glutathione. Protein was determined by the method 
of Lowry et al. (10). 


Results 


Assay for Transhydrogenase Activity in Animal Tissues—The enzyme was 
assayed by the procedure previously described for determining the activity 
in bacterial extracts (1). The various components used in the assay sys- 
tem were as follows: TPN 0.25 ym, KCN 3.0 uM, nicotinamide 60.0 uM, 
isocitric dehydrogenase 0.1 ml., 0.1 m Tris (pH 7.5) 2.0 ml., Na isocitrate 
5 uM, particle suspension (or soluble enzyme) 0.2 ml., DPN 0.8 uM; total 
volume 3.0 ml. It is essential to include cyanide; otherwise the oxidation 


2 In preparing the desamino TPN, it was found that 5 to 10 per cent of the com- 
pound was not deaminated by the nitrous acid procedure. This does not occur 
under similar conditions with DPN. In order to remove all TPN, the product was 
treated with Neurospora DPNase, which attacks the desamino product very slowly. 
In this manner it was possible to obtain a desamino TPN preparation free from 
TPN. The significance of the incomplete deamination of TPN will be discussed 
elsewhere. 
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of the reduced pyridine nucleotides by the cytochrome system will take 
place. Nicotinamide is added to prevent the destruction of the oxidized 
nucleotides by DPNase. A unit of transhydrogenase activity represents 
the amount of enzyme causing an optical density change of 0.01 from 1 
to 4 minutes after the addition of DPN; all measurements were made at 
340 mu. 

Preparation of Particles—For every gm. of fresh tissue, 1 ml. of 0.9 per 
cent cold KCl and 0.01 ml. of 1.0 Mm NaHCO; were added. Homogeniza- 
tion was carried out at 4° in a Waring blendor for 2 to 5 minutes. The 
homogenate was centrifuged for 4 minutes at 1500 r.p.m., and the insoluble 
material discarded; the supernatant fluid was then centrifuged for 20 min- 
utes at 16,000 r.p.m., and the particles obtained were suspended in 0.9 
per cent KCl in a volume equivalent to 1 ml. per gm. of fresh tissue. 

Distribution of Enzyme—Transhydrogenase activity can be found in the 
whole tissue homogenate. High speed centrifugation results in only a 
trace of activity in the supernatant fluid, whereas the particles contain 
nearly all of the enzyme present in the original whole homogenate. Fig. | 
gives evidence for the presence of pyridine nucleotide transhydrogenase in 
beef heart particles. As can be seen from the curves, reduction of DPN 
by isocitrate occurs only when TPN is also present. This suggests the 
occurrence of the accompanying reactions. 


Isocitrate + TPN*+ — a-ketoglutarate + CO. + TPNH 
TPNH + DPN*+ — TPNt + DPNH (Reaction 1) 





Net. Isocitrate + DPN+ — a-ketoglutarate + CO: + DPNH 


Data on the distribution of the enzyme catalyzing Reaction 1 in various 
animal tissues, obtained by the assay system outlined above, are given in 
Table I. Beef heart appears to be the richest source of the enzyme. Pi- 
geon breast muscle also contains a high concentration of the catalyst. 
Much lower concentrations were found in liver and brain; the signifi- 
cance of these findings will be discussed below. 

Extraction of Beef Heart Particles—Warming with 10 per cent alcohol at 
40° failed to dissolve the enzyme. Treatment with bile salts resulted in 
solution of the particles, but the transhydrogenase activity was lost. No 
activity was found in either the extract or homogenate of an acetone powder 
of the particles prepared by homogenizing a suspension with 20 volumes of 
cold acetone. 

Some success in extracting beef heart transhydrogenase was achieved 
by treatment of the particles with digitonin. A 2 per cent digitonin so- 
lution was prepared by suspending 2 gm. of digitonin in a few ml. of water. 
About 20 ml. of 5 n NaOH were then added, with vigorous shaking, until 
the digitonin was dissolved. Neutralization was then carried out with 5 
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N HCl, and the solution was diluted to 100 ml. with water, making the final 
NaCl concentration approximately 1 m. The digitonin does not reprecipi- 
tate under this treatment. 
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Fig. 1. Evidence for Reaction 1 with beef heart particles. The figure shows 
reduction of DPN by the TPN-specific pig heart isocitric dehydrogenase system in 
the presence of beef heart particles and TPN. For the components of the system, 
see the text. O, complete system; @, TPN omitted. 








Tase I 
Distribution of Transhydrogenase (Reaction 1) in Animal Tissues 


Units per gm. of fresh tissue. 1 unit of activity represents the amount of enzyme 
causing an optical density change of 0.01 from 1 to 7 minutes after the start of the 
reaction. The reaction was carried out as in Fig. 1. 
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Particles were prepared as described above, but suspended in 0.1 M 
phosphate, pH 7.0. For every ml. of particle suspension, 1 ml. of the 
digitonin solution was added, and the mixture was allowed to stand for 
20 minutes. The remaining particles were then removed by centrifugation. 
From 50 to 75 per cent of the transhydrogenase activity was recovered in 
the supernatant solution. The digitonin extract cannot be frozen and loses 
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approximately 50 per cent of the activity when kept at 4° for 24 hours. 
The instability of the extracted enzyme made it essential to carry out 
further purification immediately. 

To 180 ml. of the above digitonin extract were added 90 ml. of calcium 
phosphate gel (12.5 mg., dry weight, per ml.), and the mixture was allowed 
to stand for 30 minutes at 4°. The transhydrogenase is completely ad- 
sorbed by this treatment. The gel was washed twice with 10 ml. portions 
of m K,HPO, and then eluted with ten 5 ml. portions of mM KH2PQ,. Al- 
though very little of the enzyme is eluted in the first three extractions with 
primary phosphate, the activity can be recovered almost completely in 
the fourth to tenth elutions. The adsorption and elution procedures gave 
approximately a 10-fold purification. The active eluates were always 
brought to pH 6.7 and then stored in the deep freeze, and under these con- 
ditions the transhydrogenase can be kept with little loss of activity for 
several weeks. These eluates were used in the tests described below. 

pH Optimum—Fig. 2 gives the pH-activity curve for the partially puri- 
fied beef heart transhydrogenase. The pH optimum for the reaction ap- 
pears to be approximately 6.2. The TPNH-generating system (isocitrate 
dehydrogenase) was present in excess at all pH levels and hence the results 
represent the activity for the transhydrogenase system. 

Further Evidence for Reaction 1 with Beef Heart Enzyme—With TPNH 
and small levels of DPN in the presence of acetaldehyde and crystalline 
yeast alcohol dehydrogenase, the reaction can be followed by measuring 
the decrease in absorption at 340 my. This is illustrated in Fig. 3, and the 
oxidation of the reduced TPN can be accounted for by the accompanying 
reactions. 


TPNH + DPNt - transhydrogenase TPN+ + DPNH 





DPNH + CH,CHO + Ht —2!¢ehol dehydrogenase_, DPN* + CH;CH:OH 


Net. TPNH + CH;CHO + H*+ — TPN*t + CH;CH:.0OH 


The essentiality of DPN is indicated in Fig. 3; omission of either the beef 
heart enzyme or DPN results in no oxidation of TPNH. 

Effect of Phosphate on Beef Heart Transhydrogenase—It has been found 
that, in the presence of phosphate, the reaction between TPNH and DPN 
catalyzed by the Pseudomonas transhydrogenase does not proceed to com- 
pletion, even when the reduced DPN which is formed is continually re- 
moved by acetaldehyde and alcohol dehydrogenase (2). In the absence 
of phosphate or when TPN is removed as it is formed, the Pseudomonas 
transfer proceeds to completion. As can be seen from the results in Fig. 
3, the oxidation of TPNH by DPN with the heart enzyme can proceed 














RATE 


6 TRANSHYDROGENASE. III 


practically to completion, even at high phosphate concentrations. This 
indicates that the Pseudomonas and the beef heart systems are not identi- 
cal in their mechanisms. Furthermore, adenylic acid a, which has been 
found to increase the rate of transfer between TPNH and DPN by the 
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Fic. 2. Effect of pH on the rate of Reaction 1 with purified beef heart transhy- 
drogenase. Assay system as in Fig. 1, but with 0.1 m phosphate buffers of varying 
pH. 0.2 ml. of purified beef heart enzyme in all samples. The rate is expressed as 
the change in optical density < 1000 for the period from the 1st to the 8th minute. 
The pH values plotted are those measured at the end of the experiment. 

Fic. 3. Further evidence for Reaction 1 with purified beef heart enzyme. The 
figure shows oxidation of TPNH by the DPN-specific yeast alcohol dehydrogenase 
system in the presence of purified beef heart enzyme and DPN. The complete system 
contained 0.4 um of TPNH, 0.5 um of DPN, 10 uM of acetaldehyde, 20 y of crystalline 
yeast alcohol dehydrogenase, 0.3 ml. of beef heart enzyme, and 2.2 ml. of 0.1 m phos- 
phate buffer, pH 7.5, in a total volume of 3 ml. 


purified Pseudomonas enzyme (11), has no effect on the rate of reaction 
of the beef heart transhydrogenase. 

Evidence for Reversibility of Beef Heart Transhydrogenase Reaction—The 
transhydrogenase of Pseudomonas has been shown to operate in only one 
direction, and not to promote the oxidation of DPNH by TPN at an ap- 
preciable rate. However, in Paper IV evidence will be cited (11) which 
indicates the reversibility of the Pseudomonas reaction when adenylic acid 
ais added. The beef heart system appears to be fully reversible and the 
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reaction of DPNH with TPN yielding DPN and TPNH proceeds without 
addition of adenylic acid a. This is illustrated in Fig. 4, which shows TPN 
reduction by DPNH, the latter being continually regenerated by alcohol 
dehydrogenase. In this system, semicarbazide was added to trap the ace- 
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Fig. 4. Evidence for the reversal of Reaction 1 with purified beef heart enzyme. 
The figure shows reduction of TPN by the DPN-specific yeast alcohol dehydrogenase 
system in the presence of purified beef heart enzyme and DPN. @, complete sys- 
tem, containing 1 um of TPN, 0.25 um of DPN, 100 uo of alcohol, 10 um of semicarba- 
zide, 40 y of crystalline yeast alcohol dehydrogenase (ADH), 0.3 ml. of beef heart 
enzyme, 100 um of nicotinamide, and 2.4 ml. of 0.1 m Tris buffer in a total volume 
of 3 ml. O, DPN omitted. At 120 minutes, 10 um of oxidized glutathione (GSSG) 
and 0.1 ml. of TPN-specific glutathione reductase (RED.) added to identify the 
TPNH formed. 


taldehyde formed by the oxidation of ethanol. The accompanying equa- 
tions represent the sequence of reactions involved in the formation of 


TPNH. 


CH,CH,OH + DpN+ —2lcohol dehydrogenase. C4) Ono 4 DPNH + Ht 





DPNH + TPN+ _transhydrogenase _ 





DPN* + TPNH 





Net. CH,;CH,OH + TPN*+ — CH;CHO + TPNH + Ht 
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The TPNH formed was identified by its reaction with oxidized gluta- 
thione and the specific TPN glutathione reductase from peas (Fig. 4). 
Some activity was observed without added DPN. This apparently was 
not due to the conversion of TPN to DPN. It is possible that the small 
reaction without DPN may be due to some bound DPN in the preparation 
of beef heart enzyme. 
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Fia. 5. Further evidence for the reversal of Reaction 1 with purified beef heart 
enzyme. The figure shows oxidation of DPNH by the TPN-specific glutathione 
reductase system in the presence of beef heart transhydrogenase and TPN. 
The complete system contained 0.35 um of DPNH, 0.17 um of TPN, 10 um of oxi- 
dized glutathione, 0.1 ml. of glutathione reductase, 100 um of nicotinamide, and 2.3 
ml. of 0.1 m buffer, pH 7.5, in a total volume of 3 ml. 





Further evidence for the oxidation of reduced DPN by TPN is given in 
Fig. 5. Here the reaction was carried out with catalytic amounts of TPN, 
and the reduced TPN which was formed was removed by the TPN-specific 
glutathione reductase system according to the accompanying equations. 


transhydrogenase 


2DPNH + 2TPNt — 2DPNt + 2TPNH 


er oe 
2TPNH + GSsG —LPN slutathione reductase _ a npn+ 4 oGSH + 2H? 


Net. 2DPNH + GSSG — 2DPN+ + 2GSH + 2H* 
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It should be emphasized that adenylic acid a did not have any effect on 
the rate or extent of the reaction. 

Equilibrium of Reaction—Since the beef heart transhydrogenase reaction 
appeared to be quite readily reversible, experiments were carried out to 
determine the equilibrium position of the reaction. Table II summarizes 
these experiments,-and, as can be seen from the data, the equilibrium con- 
stant seems to be close to unity. The average equilibrium constant, K = 


TasBxe II 
Equilibrium Constant of Animal Transhydrogenase Reaction 
K = (DPNH) (TPN)/(DPN) (TPNH). Incubation time 40 minutes; tempera- 
ture 37°. DPN and DPNH determinations by alcohol dehydrogenase, TPN by 
isocitric dehydrogenase, and TPNH by glutathione reductase. Incubations carried 
out in phosphate buffers with 100 units of beef heart enzyme; total volume 1 ml. 
All concentrations expressed in micromoles per ml. 


Experiment , Concentration 
No. pH Time ee — K 
TPN DPNH TPNH DPN 
min. 
1 6.5 0 0.88 1.58 
40 0.66 0.60 0.31 | 0.99 1.33 
2 6.5 0 1.33 1.18 
40 0.83 0.56 0.45 | 0.52 1.52 
3 6.0 0 0.96 | 1.57 
40 0.63 0.55 0.25 | 1.04 1.36 
4 6:0 0 1.35 0.74 
40 0.90 0.36 0.42 | 0.48 1.60 
5 7.5 0 0.92 | 1.08 
40 0.56 0.60 0.42 0.58 1.25 
6 7.5 0 0.98 1.08 
40 0.68 0.63 0.53 0.50 1.57 
Average...... ; lag ; ; alia 1.43 


(DPNH) (TPN)/(DPN) (TPNH), of a number of experiments with vary- 
ing pH is 1.43. The constant is approximately the same, starting in either 
direction (Table II). The slightly lower values obtained in starting with 
TPNH and DPN could be accounted for by failure to reach complete 
equilibrium. These results indicate that the oxidation potentials of DPN 
and TPN are essentially the same; the difference between the two pyridine 
nucleotides appears to be only 0.005 volt, the TPN system being the more 
negative. This is in agreement with the findings of Olson and Anfinsen (12) 
with crystalline liver glutamic dehydrogenase in which the equilibrium 
of the reaction was found to be almost the same when either DPN or TPN 
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was used. It is of interest to note that the TPNH-TPN potential deter- 
mined with the glutamic system was 0.005 volt more negative than the 
DPNH-DPN potential. 

Specificity of Beef Heart Transhydrogenase—It has been shown that the 
Pseudomonas transhydrogenase can catalyze Reactions 4 and 5 (2, 3), which 


(4) DPNH + desamino DPN — DPN+ + desamino DPNH 
(5) TPNH + desamino TPN — TPN*+ + desamino TPN 


actually represent electron exchange between the oxidized and reduced 
forms of the same nucleotide, the desamino forms serving as “chemically 
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Fic. 6. Evidence for Reaction 4 with purified beef heart enzyme. The figure 
shows reduction of desamino DPN by the DPN-specific yeast isocitric dehydrogenase 
system in the presence of beef heart transhydrogenase and DPN. The complete 
system contained 1 um of desamino DPN, 0.15 um of DPN, 5 uo of isocitrate, 0.3 ml. 
of DPN-specific yeast isocitric dehydrogenase, 0.3 ml. of purified beef heart enzyme, 
10 um of MgCl, 60 um of nicotinamide, 3 um of KCN, 3 um of 5-adenylic acid, and 
2.5 ml. of PO, buffer, pH 7.5, in a total volume of 3 ml. 


labeled” tracers. These exchanges can also be demonstrated with C"- 

labeled nucleotides (13). Reaction 4 can be followed by using the puri- 

fied DPN-specific isocitric dehydrogenase from brewers’ yeast, which is 

completely inactive with desamino DPN.* This is indicated by the ac- 

companying equations. The reaction of DPNH with desamino DPN as 
yeast DPN 


isocitric dehydrogenase 


Isocitrate + DPN* — a-ketoglutarate + CO, + DPNH 


rd 
transhy lrogenase 


DPNH + desamino DPN+ DPN* + desamino DPNH 





Net. Isocitrate + desamino DPN — a-ketoglutarate + CO, + desamino DPNH 


* Neufeld, E. F., Kaplan, N. O., and Colowick, S. P., unpublished. 
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catalyzed by the beef heart enzyme is illustrated in Fig. 6. This reaction 
was unexpectedly found to proceed at a much faster rate than the reaction 
between TPNH and DPN and also the oxidation of TPNH by desamino 
TPN (Fig. 7). Adenylic acid a has no effect on the DPNH-desamino 
DPN reaction in animal tissues, in contrast with its marked effect on this 
reaction in bacteria (11). 

Reaction 5, the oxidation of TPNH by desamino TPN, can be measured 
by using the TPN-specific isocitrie dehydrogenase from pig heart. This 
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Fic. 7. Relative rates of Reactions 1, 4, and 5 with purified beef heart system. 
The assay systems used for Reactions 1 and 4 were those shown in Figs. 1 and 6, 
respectively. The assay system for Reaction 5 was the same as that for Reaction 1, 
but with desamino TPN in place of DPN. 0.5 ml. of purified beef heart enzyme in 
all samples. 


enzyme does not react with desamino TPN.* The sequence of reactions 
can be expressed as in the accompanying equations. Although this reac- 


ig heart 
Isocitrate + TPNt si Nac I a-ketoglutarate + CO, + TPNH 


TPNH + desamino TPNt transhydrogenane TPN+t + desamino TPNH 





Net. Isocitrate + desamino TPN*+ — a-ketoglutarate + CO, + desamino TPNH 
tion occurs quite readily with the transhydrogenase from Pseudomonas, the 
beef heart system shows no detectable catalysis of this reaction (Fig. 7). 
The data in Fig. 7 indicate a marked difference in specificity between the 
Pseudomonas and the beef heart transhydrogenases. 
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Distribution of DPNH-Desamino DPN Reaction—In Table I the rela- 
tive activities of the TPNH-DPN reaction in a number of tissues were 
given. As pointed out previously, rabbit brain particles catalyze this re- 
action only to a slight extent. Since the purified beef heart enzyme pro- 
motes the DPNH-desamino DPN reaction at a faster rate than the TPNH- 
DPN transfer, it was thought of value to compare the two transfer reactions 
in a number of tissues. Fig. 8 shows the relative activities in a number of 
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Fia. 8. Comparison of rates of Reactions 1 and 4 in particulate preparations from 
various tissues of the rabbit. @, Reaction 4; A, Reaction 1. Assay for Reaction 
1 as in Fig. 1; the rates shown are corrected for the small control rate of DPN reduc- 
tion when TPN was omitted. Assay for Reaction 4 as in Fig. 6; the rates are cor- 
rected for the small control rate of reduction of desamino DPN when DPN was 
omitted. The particles represent 0.1 gm. of fresh tissue for brain, heart, and spleen; 
0.05 gm. of fresh tissue for kidney and liver. 





particulate preparations from rabbit tissues. The rabbit heart particles 
also catalyze both reactions, and, as in the beef heart system, the DPNH 
oxidation by desamino DPN is somewhat faster. The rabbit kidney trans- 
hydrogenase has a specificity similar to that of the heart enzyme. How- 
ever, the brain and liver particles show practically no activity with the 
TPNH-DPN system and yet readily carry out the DPNH-desamino DPN 
reaction.4 The data in Fig. 8 indicate distinct differences in specificities of 

‘In some cases rabbit liver showed appreciable activity in the TPNH-DPN sys- 


tem. The variability in the ratio of activities for Reactions 1 and 4 suggests the 
possibility that separate enzymes may be involved in the two reactions. 
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transhydrogenase activities of the various rabbit tissues and also suggest 
the wide occurrence of enzymes catalyzing interchange between the pyridine 
nucleotides in animal tissues. 

DISCUSSION 


From the above presentation, it is evident that there are a number of 
differences in activities of the partially purified beef heart transhydrogenase 
and the purified enzyme from Pseudomonas fluorescens. These can be sum- 
marized as follows: (1) The reaction TPNH + DPN = TPN + DPNH 
is freely reversible in the heart system, whereas the direct reaction going 
from the right to the left in Pseudomonas is almost completely dependent 
on the presence of adenylic acid a. (2) Adenylic acid a markedly stimu- 
lates the reaction between DPNH and desamino DPNH catalyzed by the 
Pseudomonas enzyme, but has no effect on the same reaction, which is also 
carried out by the beef heart enzyme. (3) There are differences in speci- 
ficity for the pyridine nucleotides between the heart and Pseudomonas 
enzymes. The Pseudomonas enzyme will promote the oxidation of TPNH 
by desamino TPN, whereas the heart system does not. (4) Phosphate has 
a marked effect on the rate and extent of the reaction between TPNH and 
DPN in Pseudomonas. The beef heart enzyme is not influenced by the 
presence of phosphate. 

The difference in specificity between the transhydrogenase activity of 
the various tissues appears to be of considerable interest and certainly was 
quite an unexpected finding. It is not clear as yet whether the beef heart 
transhydrogenase activities represent more than one enzyme. However, 
further purification of the system may clarify this point. It is of interest 
to point out that an enzyme possessing properties almost identical with 
those of the beef heart catalyst has been rendered soluble and partially 
purified from pigeon breast muscle. 

Hog and beef brain also contain an enzyme which will catalyze the 
transfer between DPNH and desamino DPN, but not the reaction between 
TPNH and DPN. Solubility of both the hog and beef brain systems has 
been achieved, and work is now under way on the purification of these 
enzymes. An enzyme possessing properties which appear to be quite simi- 
lar in specificity to the brain transhydrogenases has been detected and 
purified from extracts of brewers’ yeast. This enzyme will be the subject 
of a future communication. 

Since the transhydrogenase system of the animal tissue has been found 
almost wholly in the insoluble components of the cells, it is possible that 
the transhydrogenase might be of significance in coupled phosphorylation 
reactions involving the pyridine nucleotides. The possible function of the 
transhydrogenase in this connection will be discussed in detail in Paper V 
of this series (13). 
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SUMMARY 


1. Methods are described for assaying pyridine nucleotide transhydro- 
genase activities of animal tissues; enzymes possessing transhydrogenase 
properties have been found only in the insoluble fraction of tissue ho- 
mogenates. 

2. The transhydrogenase from beef heart has been made soluble through 
the use of digitonin and partially purified. This enzyme has been found 
to catalyze the following reactions. 


(a) TPNH + DPNt > TPN+ + DPNH 
(b) DPNH + desamino DPN*+ — DPN*t + desamino DPNH 


The occurrence of the latter reaction suggests that electron exchange occurs 
between the oxidized and reduced forms of the same nucleotide. 

3. Reaction a has been found to be completely reversible with the beef 
heart enzyme, and the equilibrium of the reaction has been shown to be 
close to unity. This indicates that the oxidation potentials of TPN and 
DPN are nearly identical. 

4. Adenylic acid a has no effect on Reactions a and b catalyzed by the 
beef heart enzyme, in contrast to its marked stimulatory effect on these 
reactions in bacterial extracts. Phosphate is without effect on the course 
of the beef heart transhydrogenase reaction, in contrast to its striking effect 
in promoting inhibition of Reaction a by TPN in bacterial systems. 

5. Reaction b has been found to be catalyzed at a faster rate than Reac- 
tion a by the beef heart enzyme. 

6. The reaction, TPNH + desamino TPN+ — TPN+ + desamino 
TPNH, is not promoted by the beef heart transhydrogenase, whereas it 
occurs readily with bacterial transhydrogenase. 

7. Brain particles catalyze only Reaction b and not Reaction a. Pre- 
liminary experiments on the distribution of transhydrogenase activities in 
various tissues are given. 
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In previous papers (1, 2), it has been shown that the purified pyridine 
nucleotide transhydrogenase from Pseudomonas fluorescens will catalyze the 
following reaction.! 


(1) TPNH + DPN — TPN + DPNH 


This reaction was found to proceed in the reverse direction only at a very 
slow rate, even though the oxidation potentials of TPN and DPN appear 
to be approximately equal (3). The very slow oxidation of DPNH by 
TPN in the Pseudomonas system is markedly in contrast to the ready 
reversibility of Reaction 1 with the beef heart transhydrogenase (4). 

Reaction 1 has been found to proceed to completion in the bacterial 
system when the DPNH is removed continuously with acetaldehyde and 
alcohol dehydrogenase, provided that phosphate is absent (2). In the 
presence of phosphate, the reaction soon comes to a halt, and complete 
oxidation of the TPNH can be obtained only if the TPN which is formed 
in the reaction is constantly removed (2). Added TPN was also found 
to decrease the extent of Reaction 1. Since these results indicated that 
TPN in the presence of phosphate acted as an inhibitor of the forward 
reaction, the possibility suggested itself that this type of inhibition might 
also occur with the back reaction, thereby accounting for the apparent 
irreversibility. Experiments supporting this view are reported in the pres- 
ent paper. 

Adenylic acid a has been found to be a competitive inhibitor of a number 


* Contribution No. 41 of the MeCollum-Pratt Institute. Aided by grants from 
the American Cancer Society, as recommended by the Committee on Growth of the 
National Research Council, the Rockefeller Foundation, and the Williams-Waterman 
Fund. Since the completion of this manuscript, it has been reported that adenylic 
acid a is the 2’-phosphate and that the b nucleotide is the 3’-phosphate (12). 

‘DPN, diphosphopyridine nucleotide; TPN, triphosphopyridine nucleotide; 
DPNH and TPNH, the reduced forms. NMN, nicotinamide mononucleotide; NR, 
nicotinamide riboside; ADPR, adenosinediphosphate ribose; P-ATPR = adenosine- 
triphosphate ribose. 


17 





18 TRANSHYDROGENASE. IV 


of TPN-linked dehydrogenase systems.? It was thought that, since TPN 
inhibited Reaction 1 in both directions, adenylic acid a might act com- 
petitively to overcome this inhibition and thereby promote the reversibility 
of the reaction. The effect of this nucleotide on the bacterial transhy- 
drogenase reactions will be presented in this paper. 


Methods and Materials 


The methods used for preparing TPN, TPNH, DPN, DPNH, desamino 
TPN, and desamino DPN are given in Paper III (4). Adenylic acids a 
and 6b and oxidized glutathione were obtained from the Schwarz Labora- 
tories, 5-adenylic acid from the Ernst Bischoff Company, Inc., and cyto- 
chrome c from the Sigma Chemical Company. 

Nicotinamide mononucleotide was prepared from DPN by the use of 
snake venom pyrophosphatase. Nicotinamide riboside was prepared from 
the mononucleotide by treatment with the specific 5-nucleotidase from bull 
semen (5). Details of these procedures will be published elsewhere. 

a-5 diphosphoadenosine was prepared by treating TPN with snake venom 
pyrophosphatase; the compound was collected by ion exchange on a Dowex 
formate column and then eluted with 0.02 n HNO;. The compound was 
precipitated with mercuric acetate, and the mercury was removed with 
hydrogen sulfide. A further description of this procedure will be reported 
by Wang et al.* 

a phosphoadenosinediphosphate ribose (P-ADPR) was isolated after 
removal of the nicotinamide moiety from TPN with the purified enzyme 
from Neurospora (6). The compound was collected by ion exchange on 
Dowex 1 formate, and then eluted with 0.01 m HNO ;. After elution the 
P-ADPR was precipitated with 5 volumes of cold acetone. Analysis of 
the compound gave an approximate ratio of 3:1:1 of P-adenine-ribose. 

Cells of P. fluorescens were grown as described in Paper I (1). Azoto- 
bacter chroococcum and Azotobacter agile were grown in the medium described 
by Burk (7) for 48 hours at 30°, and cell-free extracts were prepared in the 
same manner as for the Pseudomonas extracts. 

The Pseudomonas transhydrogenase was purified essentially in the same 
manner as that previously described (1). The only modification was the 
use of powdered filter paper instead of calcium phosphate gel for adsorption 
of the enzyme. It was found that the use of paper gave more consistent 
results. 

The TPN-specific cytochrome c reductase was a liver preparation (8) 
which was kindly supplied by Dr. B. F. Horecker. The TPN-specific 
glutathione reductase from peas, the TPN isocitrate dehydrogenase from 


? Neufeld, E. F., Kaplan, N. O., and Colowick, S. P., in preparation. 
3 Wang, T. P., Shuster, L., and Kaplan, N. O., J. Biol. Chem., in press. 
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PN pig heart, and the DPN isocitrate dehydrogenase of yeast were all prepared 


—_ as described in Paper III (4). Alcohol dehydrogenase of yeast was crystal- 
lity lized according to Racker’s method (9). 
hy- Assay of the reaction, TPNH + DPN — TPN + DPNH, was carried 


out either indirectly by the use of the pig heart TPN isocitric dehydrogen- 
ase (1) or directly by the use of alcohol dehydrogenase (2). The reactions 
between TPNH and desamino TPN and between DPNH and desamino 




































om DPN were determined as described in Paper III (4). 
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ted Fic. 1 Fie. 2 
Fia. 1. Effect of phosphate concentration on oxidation of reduced DPN by TPN. 
ter The reaction mixture contained 0.05 ml. of a 5 per cent cytochrome c solution, 48 
units of transhydrogenase, 0.04 um of TPN, 0.4 um of DPNH, 0.1 m Tris, pH 7.5, in a 
wes total volume of 3ml. Reaction started with 400 y of cytochrome c reductase. 
on Fic. 2. Effect of TPN concentration on oxidation of reduced DPN by TPN. Con- 
the ditions as for Fig. 1, but the TPN concentration varied. 
of 
Results 
to- Effect of Phosphate and TPN Concentration on Reversal of Reaction 1— 
ved In Paper II (2), it was stated that the Pseudomonas transhydrogenase could 
the carry out the oxidation of DPNH by TPN to a slight degree when the 
reaction was coupled to the TPN-specific cytochrome c reductase. Fig. 1 
me illustrates the effect of phosphate concentration on the reaction, which 
he is measured by the reduction of cytochrome c; it can be seen that increasing 
a= the phosphate level markedly inhibits the rate and extent of the oxidation 
nt of DPNH. A phosphate concentration of 0.01 m completely inhibits the 
reversal of Reaction 1 at the TPN concentration chosen (1.3 K 10-5 Mm). 
(8) Fig. 2 shows the effect of TPN concentration on the oxidation of DPNH 
fic in the absence of phosphate. The TPN concentration reaches an optimum 
7m at about 1.3 X 10-°m. Increasing the concentration of the nucleotide to 


6.7 X 10-* m produces a strong inhibition. It is possible that part of this 
inhibition might be due to the inhibition of the cytochrome c reductase by 
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the oxidized TPN. However, the inhibition is much too great to be ac- 
counted for solely on this basis. It should be pointed out that the in- 
hibition by TPN is much greater in the presence than in the absence of 
phosphate. 

Effect of Phosphate on Oxidation of TPNH by DPN in Crude and Puri- 
fied Preparaiion of Transhydrogenase—Phosphate appears to have a much 
stronger effect on the extent of Reaction 1 with the purified enzyme than 
with a crude dialyzed extract of Pseudomonas. The oxidation of TPNH 
proceeds to a much further extent in the presence of phosphate in the 
cruder preparation than with the purified enzyme. Although the extent 
of reaction seems to be intimately associated with the phosphate concen- 
tration, the initial rate of reaction does not appear to be influenced by 
phosphate. This is even more apparent when crude dialyzed extracts of 
A. agile are used as the source of transhydrogenase. It was thought that 
a possible explanation for failure of the reaction to go to completion in the 
presence of phosphate was the accumulation of an energy-rich phosphate 
intermediate. However, addition of adenosinediphosphate to either the 
Pseudomonas or Azotobacter preparations had no effect on the extent of the 
reaction. 

Influence of Adenylic Acid a on Oxidation of DPNH by TPN (Reversal of 
Reaction 1)—Fig. 3, a demonstrates the effect of adenylic acid a on the 
oxidation of reduced DPN by TPN. The formation of TPNH was fol- 
lowed by the use of the TPN-specific glutathione reductase; the sequence 
of the reactions involved has been outlined in Paper III (4). From the 
results in Fig. 3, a, it is evident that there is very little transfer from DPNH 
to TPN in the absence of adenylic acid a, as indicated by the very slight 
decrease in absorption at 340 mu. Addition of adenylic acid a induces a 
marked stimulation of this transfer reaction, and the oxidation of the 
DPNH tends to approach completion under these conditions. It should 
be emphasized that the reversibility demonstrated in Figs. 1 and 2 repre- 
sents only a very small part of the DPNH added and that the greater 
sensitivity of the cytochrome c system makes it possible to follow the small 
amount of transfer in the absence of adenylic acid a. The oxidation of 
DPNH in the presence of adenylic acid a is about 15 times as fast and 
provides the most clear-cut evidence of the reversibility of Reaction 1 in 
Pseudomonas. 

Adenylic acids 5 and b cannot replace the a nucleotide in promoting the 
oxidation of DPNH by TPN. All three inosinic acid isomers (a, b, and 
5) are also inactive. However, a-5 diphosphoadenosine seems to be more 
active than the a mononucleotide in stimulating the reaction (Table I). 
P-ADPR, which has the monoester phosphate group in the a position, is 
also more effective than adenylic acid a. It thus appears that the presence 
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of a monoester phosphate grouping in the a position is essential for the 

reversal of Reaction 1 in the Pseudomonas transhydrogenase system. 
Fig. 3, b indicates the effect of concentration of adenylic acid a on the 

transfer between DPNH and TPN when phosphate is absent. The op- 
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Fic. 3, a. Effect of adenylic acids on the oxidation of reduced DPN by TPN by 
Pseudomonas. 0.40 um of reduced DPN, 200 y of 70 per cent TPN, 2.4 ml. of 0.1 m 
Tris (pH 7.5), 5 um of oxidized glutathione, 0.1 ml. of glutathione reductase, and 60 
units of transhydrogenase added in each case. ‘‘No nucleotides’ represents a sample 
without addition of any adenylic acid compounds. 8 uM of each adenylic acid com- 
pound added. Reaction started with transhydrogenase. 

Fic. 3, b. In Tris, pH 7.5, 0.08 m; conditions as in Fig. 3, a, except for varying a 
adenylic acid concentrations. 

Fig. 3, c. In phosphate, pH 7.5, 0.08 m. 


TABLE I 
Effect of Various Adenylic Acid a Derivatives on Oxidation of DPNH by TPN by 
Pseudomonas 
Conditions as in Fig. 5; 2 um of nucleotide added in each case. 





Nucleotide added DPNH oxidized in 5 min. 


me = 
ae ER aN a Tihs SA A eae 0.02 
I si igs Sci’ Oar renee oteue eWay ane cere 0.22 
a-§ diphosphoadenosine..... .... 2.0.2... cee cece eee eee 0.36 
a phosphoadenosinediphosphate ribose................... 0.38 
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timal concentration of the mononucleotide is approximately 6 X 10-‘ M, 
which is 5 times the concentration of TPN added. Increasing the level of 
adenylic acid a over 6 X 10‘ m produces a slight decrease in rate (see 
Fig. 3, b). The significance of this decrease in rate is discussed below. 

In the presence of phosphate a much higher level of adenylic acid a is 
required to promote the reaction between DPNH and TPN (Fig. 3, c). It 
is possible that the greater requirement for adenylic acid a in the presence 
of phosphate is related to the finding that the inhibition of Reaction 1 by 
TPN is also much greater in the presence of phosphate. Hence phosphate, 
by promoting inhibition by TPN, would increase the amount of adenylic 
acid a required to overcome this inhibition. Further indications of this 
relationship will be pointed out below. 

Adenylic acid a not only promotes the reversibility of Reaction 1 with 
the Pseudomonas enzyme, but also has the same effect on transhydrogenase 
preparations obtained from A. agile and A. chroococcum, which also catalyze 
the oxidation of DPNH by TPN to only a very slight degree except in the 
presence of adenylic acid a. It therefore appears that the Pseudomonas 
and Azotobacter enzymes are very similar in their response to adenylic acid a. 

Effect of Adenylic Acid a on Oxidation of TPNH by DPN—With purified 
Pseudomonas transhydrogenase, it was found that adenylic acid a also in- 
creased the rate of oxidation of TPNH by DPN. This stimulation was 
approximately 2- to 3-fold and could be demonstrated either directly with 
added TPNH or indirectly with TPNH generated by the pig heart isocitric 
dehydrogenase system. The influence of adenylic acid a on the trans- 
hydrogenase reaction, starting with the isocitrate system to generate the 
reduced TPN, is shown in Fig. 4. It can also be seen that addition of 
adenylic a to the phosphate system at a point at which the reaction appears 
to have come to equilibrium induces an immediate resumption of the 
reaction. 

The effect of adenylic acid a on this system is always observed when the 
reaction is carried out in phosphate; in the absence of phosphate, the reac- 
tion is not affected by the mononucleotide, but proceeds as rapidly as in 
the phosphate system supplemented with adenylic acid a (Fig. 4). 

The effect of adenylic acid a on TPNH oxidation by DPN can always be 
observed with the purified transhydrogenase in a phosphate medium, but is 
not always detectable with crude extracts of Pseudomonas. It is possible 
that the absence of the stimulation in crude extracts might be due to the 
presence of an a adenylate derivative, which is separated from the enzyme 
on purification. The existence of such a compound is now being investi- 
gated. 

As discussed above, the direct reaction of TPNH with DPN does not 
go to completion in the presence of phosphate, even when the reduced 
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DPN formed is removed with acetaldehyde and alcohol dehydrogenase. 
The effect of phosphate concentration on the extent of oxidation of TPNH 
in such a system has been described previously (2). The inclusion of 
adenylic acid a in a reaction mixture containing phosphate permits the 
reaction to approach completion (Fig. 5). These results further illustrate 
the competitive action between TPN and adenylic a on the bacterial trans- 
hydrogenase, and indicate the function of phosphate in this competition. 
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Fig. 4. Effect of adenylic acid a on TPNH oxidation with pig heart isocitric 
dehydrogenase to generate the reduced TPN. The reaction mixtures contained 
2.4 ml. of either 0.1 m phosphate (pH 7.5) or 0.1 m Tris (pH 7.5), 0.2 ml. of pig 
heart isocitric dehydrogenase enzyme, 10 uM of adenylic acid a, 0.1 um of TPN, 
1.2 um of DPN, 5 um of sodium isocitrate, and 60 units of Pseudomonas transhy- 
drogenase. 


It is evident from the curves in Fig. 5 that much higher levels of adenylic 
acid a are required to obtain complete oxidation of TPNH in the presence 
of higher phosphate concentrations. 

Effect of Adenylic Acid a on Transfer between DPNH and Desamino DPN 
—Evidence has been presented previously for the catalysis by the Pseudo- 
monas enzyme of the following reversible reaction. 


(2) DPNH + desamino DPN @ DPN + desamino DPNH 


In Paper III, a procedure was given for following the transfer between 
DPNH and desamino DPN by using the DPN-specific yeast isocitric de- 
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hydrogenase in combination with the transhydrogenase. Fig. 6 illustrates 
this transfer reaction with the purified Pseudomonas enzyme. It is evident 
that the rate of oxidation of DPNH by desamino DPN is quite slow except 
when adenylic acid a is added. The curves in Fig. 6 show that the nucleo- 
tide increases the rate of transfer between DPNH and desamino DPN 
more than 10-fold in a phosphate medium and more than 3-fold in Tris 
buffer. a-5 diphosphoadenosine and a P-ADPR can replace a adenylate in 
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Fig. 5. Effect of adenylic acid a on oxidation of TPNH by DPN in phosphate. 
The reaction mixture contained 0.35 um of TPNH, 1.2 um of DPN, 10 y of crystalline 
yeast alcohol dehydrogenase, 10 um of acetaldehyde, and 60 units of Pseudomonas 
transhydrogenase in a total volume of 3 ml. pH of solution 7.5. 


this stimulating action. The results in Fig. 6 indicate an action of these 
a nucleotides other than as competitors of TPN. 

Effect of Adenylic Acid a on Transfer between TPNH and Desamino 
TPN—Preliminary evidence for the following reaction catalyzed by the 
Pseudomonas enzyme has been reported (10). 


(3) TPNH + desamino TPN = TPN + desamino TPNH 


Reaction 3 can be followed indirectly at 340 my by combining the iso- 
citrate and transhydrogenase enzymes and using catalytic amounts of 
TPN. The sequence of reactions involved has been described (4). The 
course of the reaction is illustrated in Fig. 7, from which it can be noted 
that adenylic acid a has only a very slight effect on the reaction in the 
presence or absence of phosphate. The difference between the effects of 
adenylic acid a on Reactions 2 and 3 is indeed striking. 
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Fia. 6. Effect of adenylic acid a on DPNH-desamino DPN transfer of Pseudo- 


The reaction mixture contained 5 uM of isocitrate, 10 um of MgClo, 0.2 um of 
DPN, 1.2 um of desamino DPN, 2.4 ml. of 0.1 m Tris or 0.1 m phosphate (pH 7.5), 10 


um of adenylic acid a, 0.1 ml. of yeast DPN isocitric dehydrogenase, and 60 units of 
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Fic. 7. Effect of adenylic acid a on TPNH-desamino TPN. Mixtures for trans- 
fer of Pseudomonas reaction contained 2.4 ml. of 0.1 m phosphate or Tris (pH 7.5), 
10 um of MgClo, 0.08 um of TPN, 5 uo of isocitrate, 10 um of adenylie acid a when 
added, 0.5 um of desamino TPN, 0.1 ml. of pig heart isocitric dehydrogenase, and 60 


units of transhydrogenase. 


first; then desamino TPN added. 


25 


Reduction of TPN by the pig heart system carried out 
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Specificity of Pseudomonas Transhydrogenase—The Pseudomonas enzyme 
seems to be much less specific with respect to the various pyridine nucleo- 
tides than are the transhydrogenases from animal tissue (4). The bacterial 
transhydrogenase has been found to catalyze an exchange between TPNH 


and b TPN (TPN with the monoester phosphate in the b position instead - 


of the normal a position). A transfer between TPNH and nicotinamide 
mononucleotide (NMN) also occurs according to the following equation. 


(4) TPNH + NMN > TPN + NMNH 


The nicotinamide mononucleotide reacts at about one-sixth the rate found 
with DPN. This reaction, like Reaction 3, occurs readily without addition 


TaBLeE II 
Reduction of Nicotinamide Mononucleotide (VMN) by DPNH and TPNH 


100 units of transhydrogenase and 2 um of NMN in all cases. Reaction carried 
out in 0.1 m Tris. Total volume 3 ml.; temperature 25°. 





Addition NMN reduced in 





Experiment No. | 20 min. 
wa 
1 | TPNH* | 0.130 
= + adenylic acid a (2 um) 0.152 
2 | DPNHt 0 
| “ + adenylic acid a (2 um) 0.048 


| 





* TPNH generated by TPN isocitric dehydrogenase system of pig heart. After 
complete reduction of TPN, NMN added. 

+ DPNH generated by yeast alcohol dehydrogenase as described previously (4). 
After complete reduction of DPN, NMN added. 


of adenylic acid a (see Table II). Nicotinamide riboside also reacts with 
the TPNH, but at a rate about one-twentieth of that of DPN. The 
following reaction is also promoted by the Pseudomonas enzyme. 


(5) DPNH + NMN — DPN + NMNH 
This reaction, in contrast to Reactions 3 and 4, does not occur in the 
absence of adenylic acid a. Since the nucleotide is also essential for Reac- 
tion 2, it would therefore appear that adenylic acid a has a function in the 
Pseudomonas reaction besides that of competition with TPN. 

DISCUSSION 


The above results suggest that adenylic acid a may function in two ways 
in the Pseudomonas transhydrogenase reactions. The compound may act 
(1) indirectly by competitively antagonizing the inhibitory effect of TPN 


4 Shuster, L., and Kaplan, N. O., unpublished experiments. 
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and (2) directly as an activator of the enzyme. The first function of the 
adenylic acid a is indicated by its effect on the reversal of Reaction 1. This 
reaction is reversible only to a very slight extent except in the presence of 
a adenylate or its derivatives, such as a-5 diphosphoadenosine and a 
P-ADPR. It is plausible that the apparent activation is due to a compe- 
tition of the a nucleotides with TPN. Some evidence suggesting this idea 
is the finding that any reversibility in the absence of adenylic acid a is 
dependent on a low TPN concentration. Paradoxically, increasing the 
TPN level markedly inhibits the reversal of the reaction, in spite of the 
fact that TPN is one of the reactants in this direction. Adenylic acid a 
tends to overcome this inhibition, and the relationship between TPN and 
the mononucleotide appears to be of a competitive nature. These results 
all seem to point to a binding of TPN to the enzyme, which in some manner 
inactivates the enzyme. Hence one might expect Reaction 1 not to be 
reversible to any degree if this assumption is correct. Adenylic acid a, 
by competing with TPN in a manner similar to that observed in a number 
of TPN-linked dehydrogenases, would result in less TPN being bound to 
the transhydrogenase and perhaps would thereby permit the oxidation of 
the reduced DPN. However, the reaction of DPNH with TPN requires 
that some TPN be bound to the enzyme at some time during the reaction. 
A high adenylic acid a concentration causes a very significant decrease 
in the rate of reversibility. Since this effect can be overcome by additional 
TPN, it is possible that the excess adenylic a is inhibitory because of the 
decreased availability of TPN to the enzyme for reaction with DPNH. 
Hence the amount of TPN linked to the enzyme must be a most significant 
factor in determining the reversibility of Reaction 1. 

Reaction 1 in the forward direction (oxidation of TPNH by DPN) is 
also inhibited by TPN and stimulated by adenylic acid a. This stimula- 
tion may be due to the nucleotide causing a dissociation of a part of the 
TPN (formed in the reaction) from the protein and thereby making avail- 
able more active enzyme. The fact that this effect of the nucleotide is 
observed only in the presence of phosphate can be correlated with our 
earlier finding (2) that TPN is much more inhibitory to the reaction in the 
presence of phosphate. The mechanism of the interrelationship between 
phosphate and TPN is certainly as yet not clear. 

Adenylic acid a and its derivatives also appear to act in the absence 
of TPN and it is possible under these conditions that the a nucleotides are 
functioning as activators. This réle of adenylic acid a is suggested by the 
marked stimulation of the transfer of electrons from DPNH to desamino 
DPN (Reaction 2) and from DPNH to NMN (Reaction 5). The activat- 
ing effect of the nucleotide is also indicated by its effect on the exchange of 
electrons between DPNH and DPN (studied with C*-nicotinamide-labeled 
DPN), which will be discussed in Paper V (11). These results are cer- 
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tainly in contrast to the findings with the TPNH-desamino TPN transfer 
(Reaction 3) and the TPNH-NMN transfer (Reaction 4), which are not 
dependent on a adenylate. In the latter systems, however, TPNH itself 
might act as an activator as well as a participant in the reaction. It 
therefore appears possible that the monoester phosphate grouping in the a 
position may be concerned with the activation of the Pseudomonas enzyme 
in all of the reactions investigated. 

The working hypothesis at present is that there may be three active sites 
involved in the Pseudomonas transhydrogenase reactions. The first and 
second sites would be the points of attachments of the oxidized and reduced 
pyridine nucleotides; the third site would be the site of attachment for 
the activation of the enzyme. The first and second sites would be quite 
unspecific, since all of the pyridine nucleotides appear to react with the 
Pseudomonas enzyme. However, the third site would be specific for the a 
phosphoadenosine derivatives, yielding an active complex with all deriva- 
tives except TPN. Work is now in progress on the significance of the 
activating site (third site) and its relationship to the first and second sites. 

It is clear that the enzyme from P. fluorescens is quite different from the 
transhydrogenase from animal tissue, both with respect to the specificity 
toward the pyridine nucleotides involved and to the mechanism of action 
of the enzyme. The Pseudomonas transhydrogenase, although different 
from the animal enzyme, appears to be similar to the enzyme studied in 
several Azotobacter strains. We are continuing our investigation of the 
distribution of transhydrogenase activity to ascertain whether enzymes 
characteristic of the Pseudomonas system are common to all bacteria pos- 
sessing such catalytic properties. 


SUMMARY 


1. The purified transhydrogenase from Pseudomonas fluorescens cata- 
lyzes the following reactions. 


(1) TPNH + DPN — TPN + DPNH 
(2) DPNH + desamino DPN — DPN + desamino DPNH 
(3) TPNH + desamino TPN — TPN + desamino TPNH 
(4) TPNH + NMN — TPN + NMNH 
(6) DPNH + NMN — DPN + NMNH 


2. Reaction 1 is reversible only to a very slight extent, and this reversi- 
bility is dependent on the use of low concentrations of TPN and phosphate. 
Adenylic acid a induces a ready reversal of Reaction 1. 5 and b adenylic 
acids are without effect on the reaction. a-5 diphosphoadenosine and 
a-phosphoadenosinediphosphate ribose can replace a adenylate in pro- 
moting the reversibility. 

3. Adenylic acid a also influences Reaction 1 in the forward direction, 
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promoting the completeness of the oxidation of TPNH by DPN in the 
presence of phosphate. 

4. Reactions 2 and 5 are very markedly stimulated by adenylic acid a. 
The nucleotide does not have any effect on Reaction 3, nor is it essential 
for Reaction 4. 

5. Adenylic acid a appears to act in two ways on the Pseudomonas 
transhydrogenase: (1) as a competitive antagonist of the inhibitory effects 
of TPN and (2) as an activator of the enzyme. The results with the a 
adenylate are discussed with respect to the mechanism of action of the 
enzyme. 
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In an earlier paper (1), evidence was presented which ruled out a phos- 
phate transfer and suggested hydrogen (or electron) transfer as the mech- 
anism by which TPNH! reacted with DPN in Pseudomonas fluorescens. 


(1) TPNH + DPN — TPN + DPNH 


Evidence against a phosphate transfer was obtained by substituting des- 
amino DPN for DPN, according to Reaction 2. 


(2) TPNH + desamino DPN — TPN + desamino DPNH 


Since desamino DPNH and TPN were obtained as the products of the 
reaction, a phosphate transfer could not be involved, for, if this were the 
case, the end-products would be DPNH and desamino TPN. The occur- 
rence of Reaction 2, however, does not eliminate the possibility of an ex- 
change of the two nicotinamide mononucleotide moieties as the mechanism 
of the reaction. This possibility has been ruled out by the use of DPN 
labeled with C'*-nicotinamide, which made it possible to demonstrate un- 
equivocally that hydrogen (or electron) transfer was involved: 
P P 
(1,a) Nrea.RPPRA + Nox.RPPRA — Nox.RPPRA + NiaRPPRA 
(TPNH) + (labeled DPN) — (TPN) + (labeled DPNH) 


The transhydrogenases from P. fluorescens and from animal tissues have 
been found to catalyze Reaction 3 (1-3). 


(3) DPNH + desamino DPN — DPN + desamino DPNH 





* Contribution No. 43 of the McCollum-Pratt Institute. Aided by grants from 
the American Cancer Society, as recommended by the Committee on Growth of the 
National Research Council, the Rockefeller Foundation, and the Williams-Waterman 
Fund. 

1 The following abbreviations will be used: DPN, diphosphopyridine nucleotide; 
TPN, triphosphopyridine nucleotide; DPNH and TPNH, the reduced forms; Tris, 
tris(hydroxymethyl)aminomethane; N, R, P, and A are used to symbolize the nico- 
tinamide, ribose, phosphate, and adenine moieties of the pyridine nucleotides. 
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Adenylic acid a has been found to accelerate markedly the rate of this re- 

action in Pseudomonas, but not with enzymes from the animal tissues. 
The occurrence of Reaction 3 suggested the possibility that the trans- 

hydrogenases could also carry out a transfer between DPNH and DPN. 


(4) DPNH + DPN s DPN + DPNH 


An exchange of this nature can be studied by the use of DPN with the 
nicotinamide labeled. Then, if the reaction involves electron (or hydro- 
gen) exchange rather than mononucleotide exchange, it should proceed 
according to Reaction 4, a. 


(4,a) N* RPPRA + Nrea.RPPRA = NeraRPPRA + Nox.RPPRA 
(Labeled DPN) + (DPNH) @ (labeled DPNH) + (DPN) 


Evidence will be presented below indicating that Reaction 4 is catalyzed 
by the various transhydrogenases and that this type of reaction is limited 
to the transhydrogenase group of enzymes and does not occur with dehy- 
drogenases. ; 


Materials and Methods 


DPN, TPN, DPNH, and TPNH were all prepared as outlined previously 
(1). DPN containing C-nicotinamide (labeled in the CONH: group) was 
obtained from the exchange reaction between DPN and labeled nicotina- 
mide catalyzed by the spleen DPNase, as described by Zatman et al. (4). 
Labeled reduced DPN was prepared by the procedure of Pullman et al. 
(5). Adenylic acid a was purchased from the Schwarz Laboratories. 

The P. fluorescens and beef heart transhydrogenases used in the present 
experiments were preparations purified as outlined in previous papers (2, 
3). The beef brain transhydrogenase was an extract from particles which 
were made soluble with digitonin in the same fashion as the beef heart 
particles. 

Crystalline yeast alcohol dehydrogenase was prepared by the method of 
Racker (6). Triosephosphate dehydrogenase was crystallized by the pro- 
cedure of Taylor et al. (7). Lactic dehydrogenase was purified from skel- 
etal muscle by the method of Kornberg and Pricer (8) and had a specific 
activity of 400 units per mg. of protein. 

A highly active DPNase preparation was obtained from Neurospora mats 
grown on a zinc-deficient medium containing nitrate (9). The extracts 
from these mats were fractionated according to the procedure previously 
described (10). The final preparation had an activity of 45,000 units per 
mg. of protein. 

IRA-400 Amberlite (formate form) was prepared by washing the com- 
mercial resin alternately five times each with nN NaOH and n HCl. The 
final wash was with n NaOH. The resin was then converted to the formate 
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form by five washes with m sodium formate and was finally washed with 
H.O before use; the pH was at neutrality at this point. 


Results 


Reaction of TPNH with Labeled DPN (Reaction 1, a)—It has been found 
that incubating reduced TPN and labeled DPN with the Pseudomonas 
transhydrogenase resulted in the formation of labeled reduced DPN, as 
schematically outlined in the following equation: 

P 

Nrea. RPPRA + N&.RPPRA — N,x.RPPRA + Nig. RPPRA 
The method for following the reaction is based on the fact that the Neuro- 
spora DPNase attacks only the oxidized forms of DPN and TPN and not 
the reduced compounds (10). Incubation of the reaction mixtures with 
the Neurospora enzyme therefore liberates only that portion of the radio- 
active nicotinamide which is present in the oxidized nucleotides. The 
nicotinamide can then be separated from the other products of DPNase 
action, as well as from the reduced nucleotides, by placing the reaction 
mixture on an IRA-400 formate column (4). The nicotinamide can be 
identified in the water washings by its absorption at 260 my and the in- 
crease in absorption at this wave-length on the addition of acid (4, 11). 
After combination of the washings, an aliquot can be taken for determina- 
tion of radioactivity (4) and the specific activity of the nicotinamide can 
thus be calculated. 

Incubation of TPNH with the labeled DPN in the absence of trans- 
hydrogenase, followed by treatment with the DPNase, produces nicotina- 
mide of specific activity approximately the same as that obtained with the 
labeled DPN alone (Table I). The slight dilution can be attributed to 
the presence of some oxidized TPN in the reduced TPN preparation. The 
complete system containing TPNH, radioactive DPN, and the Pseudomo- 
nas transhydrogenase results in the liberation of nicotinamide with a much 
lower specific activity, as illustrated in Table I. This is due to the for- 
mation of labeled reduced DPN, which is not cleaved by the Neurospora 
enzyme, and, as a result, a lower amount of radioactive nicotinamide is 
liberated. The C'‘-nicotinamide released represents the level of unchanged 
DPN. Because the oxidized TPN, produced in the reaction, yields inert 
nicotinamide to the same extent to which the tagged nicotinamide in the 
DPN becomes reduced, the total amount of nicotinamide formed by the 
action of the DPNase is not changed (Table I). The formation of nico- 
tinamide with a decreased specific activity is indicative of the fact that the 
oxidation of TPNH by DPN, catalyzed by the Pseudomonas transhydro- 
genase, involves a hydrogen or electron transfer. Tris buffer was used in 
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the experiments in Table I. No differences in results were obtained when 
the reactions were carried out in 0.04 m phosphate medium of the same pH. 

Exchange Reaction between DPNH and DPN Catalyzed by Pseudomonas 
Transhydrogenase—Reaction 4, a can be demonstrated by starting with ei- 
ther labeled oxidized DPN or with the labeled reduced nucleotide. 


Nrea.RPPRA + N&.RPPRA = N,x.RPPRA + N24.RPPRA 


Evidence indicating that this exchange is catalyzed by the Pseudomonas 
transhydrogenase is summarized in Table II. In this experiment labeled 
DPNH was incubated with inert DPN and the transhydrogenase for a 
period of 20 minutes and then treated with the Neurospora DPNase. The 


TaBie I 
Reaction between TPNH and Labeled Oxidized DPN Catalyzed by Pseudomonas 
Transhydrogenase 
The total volume was 1.35 ml. The reaction was carried out in 0.04 m Tris, pH 
7.5. Incubation for 30 minutes at 37°. 1000 units of DPNase were then added, and 
the mixture incubated for 20 minutes more. The mixture was then assayed for 
radioactivity and nicotinamide concentration as described in the text. 





| Nicotinamide released by DPNase 

















Additions | pestentiicaies 
* 

| Amount activity activity 

uM c.p.m bo pend 

Oe | ne 5.1 | 30,600 | 6020 

ap ie ~ | ee 5.6 | 29,650 | 5320 
s.lUCO a 10 * “« 600 units transhy- 

EEG eee s arte At as oe plntlcle 2 based b s 8 ooh Oda sca 5.4 | 14,900 | 2730 








nicotinamide was recovered in the washings from the Amberlite column 
and then analyzed as described above. As can be seen from the data in 
Table II, the complete system yields considerable radioactive nicotinamide. 
Incubation without transhydrogenase results in a much lower release of 
radioactivity after treatment with the DPNase. This release of radioac- 
tivity in the absence of the transhydrogenase is due to the oxidation of a 
small part of the labeled reduced DPN to DPN, which is then attacked by 
the enzyme. In the absence of DPN, a very small amount of C'*-nicotina- 
mide is liberated, corresponding closely to that expected from the small 
amount of DPNH oxidized; the specific activity of this nicotinamide is 
very high and is equivalent to the activity in the reduced DPN. However, 
the specific activity of the nicotinamide after incubation with transhydro- 
genase and DPN is much higher than that of the nicotinamide released in 
the control without transhydrogenase. The value of 1020 counts per mi- 
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cromole approaches the theoretical value for complete exchange of 1218 
counts per uM. 

Further evidence indicating the transfer from the radioactive reduced 
DPN to the unlabeled DPN to form oxidized radioactive DPN is illustrated 
in Fig. 1. A sample of the reaction mixture, after treatment with the 
Neurospora DPNase, which was used in the experiment of Table II, was 
chromatographed on paper with the ethanol-acetic acid system, as de- 
scribed previously (4). The various constituents were identified by their 
ultraviolet-quenching properties. It can be seen that only with the com- 


TaBLeE II 


Exchange between DPN and Labeled DPNH Catalyzed by Pseudomonas 
Transhydrogenase 


N*«4RPPRA + N.x.RPPRA — NX. RPPRA + Nreg.RPPRA 


The complete system contained 11.0 um of DPN, 3.2 um of labeled DPNH (5410 
c.p.m. per uM, 17,300 total counts), 800 units of transhydrogenase, and 0.1 m Tris 
buffer, pH 7.5, in a total volume of 1 ml. Incubation for 30 minutes at 37°. DPNH 
content measured spectrophotometrically at 340 mg. Analysis as in Table I. 

















| Nicotinamide released by DPNase 
arr ea ol 
| Total | Specifi . 
| Amount | activity | activity 
uM | C.p.m. ps ue uM 
No transhydrogenase.................-..0.000- | 10.4 | 2500 240 3.1 
i Se tre US in eat ra oc eae as | 0.42 | 2300 | 5500 | 2.9 
ery ee ere | 9.6 9800 1020 | 2.8 





Theory for complete exchange = 17,300/11 + 3.2 = 1218 c.p.m. per uM. 
Exchange in complete system = 1020 — 240/1218 — 240 = 80 per cent. 


plete system does an appreciable amount of C'*-nicotinamide appear on 
the chromatogram. Omission of either the transhydrogenase or the un- 
labeled oxidized DPN results in only a small number of counts at the nic- 
otinamide spot. It is of interest to note that in the absence of added 
unlabeled DPN no nicotinamide could be detected by the ultraviolet-quench- 
ing method; however, a significant number of counts was present at the 
appropriate R, for nicotinamide. This radioactivity was due to the pres- 
ence of some oxidized DPN in the labeled reduced DPN, as discussed above, 
for, in the absence of DPNase, no counts were present at the nicotinamide 
spot. 

The exchange Reaction 4, a can be also demonstrated by starting with 
labeled oxidized DPN and unlabeled reduced DPN. In this experiment, 
after incubation with the Pseudomonas transhydrogenase, a decrease in the 
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Fig. 1. Paper chromatography of DPN-DPNH exchange reaction mixture. See 
the text for description. 


TaBLe III 


Exchange between DPNH and Labeled DPN Catalyzed by Pseudomonas 
Transhydrogenase 


N&.RPPRA + Nrea.RPPRA > Neg RPPRA + Nox.RPPRA 


The complete system contained 14.0 um of DPNH and 5.2 um of labeled DPN 
(2990 c.p.m. per uM, 15,500 total counts), 800 units of transhydrogenase, and 0.1 m 
Tris buffer, pH 7.5, in a total volume of 1 ml. Incubation for 30 minutes at 37°. 
Analysis as in Table I. 


Nicotinamide released by 
PNase 


| DPNH 
| Total Specific | 
| Amount activity activity 
uM | c.p.m. paper uM 
No transhydrogenase.......................... 4.5 | 14,400 | 3200 | 13.4 
I aes itl ss ice na nal 6 citer ht nib acen ss 4.8 | 15,500 3105 | O 


ne nee ier 6,950 | 1420 12.1 


Theory for complete exchange = 15,500/14 + 5.2 = 807 c.p.m. per uM. 
Exchange in complete system = 2990 — 1420/2990 — 807 = 72 per cent. 
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radioactivity of the nicotinamide released by the DPNase would be ex- 
pected. Table III shows that there is a decrease in the specific activity 
of the nicotinamide from 3100 couats per um to 1420 counts per uM only 
in the complete system. No decrease was observed when the enzyme or 
the unlabeled reduced DPN was omitted from the reaction mixture. The 
results summarized in Tables II and III are clearly illustrative of the ex- 
change reaction between DPNH and DPN that is catalyzed by the Pseu- 
domonas enzyme. 

Effect of Adenylic Acid a on Exchange Reaction between DPNH and 
DPN—Table IV indicates that the amount of transfer between reduced 


TaBLe IV 


Effect of Enzyme Concentration on Pseudomonas Exchange Reaction between DPNH 
and Labeled DPN 


N&.RPPRA + Nee. RPPRA > Neu.RPPRA +. Nox.RPPRA 


5.2 um of labeled DPN (6000 c.p.m. per uM) incubated with 14.0 um of reduced DPN 
for a period of 30 minutes at 37°. Samples analyzed as described in previous tables. 


Nicotinamide released by DPNase 


Enzyme ttt aes «Extent of exchanget 
Amount | Total activity | Specific activity | 
unils uM eae. a oun, per uM - ont 
0 5.1 29 ,000 5800 4.6 
250 4.7 23 , 200 4670 | 31.0 
800 5.0 14,100 2840 73.0 
1500 4.9 


10,400 2160 92.8 


+ Theory for complete exchange, 1700 c.p.m. per uM. 


DPN and oxidized nucleotide is dependent on the concentration of the 
Pseudomonas transhydrogenase. The level of enzyme which promotes an 
exchange of only 31 per cent is more than adequate to bring to complete 
equilibrium corresponding concentrations of TPNH and DPN. This dis- 
crepancy between the two transfer reactions led us to investigate the effect 
of the adenylic acid a on the DPNH-DPN exchange. Table V shows 
that the nucleotide has a marked stimulatory effect on the exchange and 
that, in the presence of the compound, complete exchange between the 
radioactive DPN and the unreduced form can be attained rapidly at rela- 
tively low enzyme concentrations. These results with the a adenylate are 
in line with the previous finding that the nucleotide greatly increases the 
rate of reaction between DPNH and desamino DPN (3). 

Exchange Reaction Catalyzed by Animal Tissue Transhydrogenases—The 
exchange (Reaction 4, a) between DPNH and DPN is also promoted by 
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the transhydrogenase from beef heart and beef brain. The transfer was 
studied by starting with oxidized tagged DPN and unlabeled reduced nu- 


TABLE V 
Effect of Adenylic Acid a on Pseudomonas Exchange Reaction between DPNH and 
Labeled DPN 
Neox.RPPRA + Nrea.RPPRA — Nrea.RPPRA + N.x.RPPRA 


5.2 um of labeled DPN (6000 c.p.m. per um) incubated with 14.0 um of reduced DPN 
for 30 minutes at 37°. Total volume 1.5 ml. Samples analyzed for DPN as de- 
scribed previously. 





Nicotinamide released by 

















| Nase Extent 
Additions | ree ‘ = , 
| Total Specific | ¢*change 
Amount | | Total activity 
uM c.p.m. | ped per cent 
ee nt) Lo ale ated oatbun a, Rt 4.9 | 29,800 | | 6050 | 1.2 
200 units enzyme............... 0. cece cee 5.2 | 25,400! 4800 | 27.2 
200 “ “+ 10 um adenytie acid a....... 5.1 | 10,750 | 2100 94.0 
t Theory for complete exchange, 1700 c.p.m. per uM. 
TaBLe VI 
Exchange between DPNH and Labeled DPN Catalyzed by Animal Tissue 
Transhydrogenases 


Nox.RPPRA + Nrea. RPPRA — Nrea.RPPRA + N.x.RPPRA 


The reaction mixture contained 5.0 um of labeled DPN (6000 c.p.m. per uo), 14 
um of DPNH, 250 um of Tris (pH 7.5), 2 um of KCN, and 3 uM of isonicotinic acid 
hydrazide (added to inhibit DPNase (12)). Total volume 1.5 ml. Incubation 
30 minutes. Temperature 37°. Assay for DPN as described previously. 





| Nicotinamide released by | 
DPNase 











Extent 

Enzyme -— Pores reer —— K ‘ 

T tal S ific exchange 

| Amount | activity ois | | 

ee —___—_—_—_—__—__ —_—_— * ‘~ —_ a peer gs 

| uM | C.p.m. | ae poll | per cent 
RE TS EROS Seno ee RORY mee wena | 5.0 | 3l, 200 | 6250 | 0 
Beef heart (300 units)...............0.0....... 4.7 | 10, 100 | 2130 89 


et emlras sere 5.2 | 20,600 3980 48 





; Theoretical for complete exchange, 1700 c.p.m. per uM. 


cleotide; the results of these experiments are summarized in Table VI. It 
is evident that both enzymes catalyze the exchange. Evidence for the 
reaction was also obtained by using the radioactive reduced form and un- 
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labeled oxidized DPN. The beef brain system is of considerable interest, 
since the only transhydrogenase reaction described for this tissue previously 
has been a transfer between reduced DPN and desamino DPN, which may 
be regarded as essentially the same reaction, measured with chemically 
rather than isotopically labeled DPN. Adenylic acid a has no effect on 
the exchange reactions catalyzed by the animal enzymes. 

Exchange Reactions and Dehydrogenases—Since the transhydrogenases 
cause an interaction between the oxidized and reduced forms of DPN, it 
was of interest to ascertain whether this type of reaction was limited to 


Tas.e VII 
Exchange Reaction between DPNH and Labeled DPN with Yeast Alcohol 
Dehydrogenase (ADH) 
The reaction mixture contained 5.2 um of labeled DPN (6000 c.p.m. per um) and 
14.0 um of reduced DPN in 0.1 m phosphate (pH 7.5). Total volume 1 ml. Incuba- 
tion 30 minutes. Temperature 37°. Analyses as described previously. 

















| Nicotinamide released by 
DPNase Extent 
Enzyme K. A 
| Total | Specific | change 
} Amount | activity | activity 
| uM | c.p.m | po sed per cent 
Nat i ic inn dod tan Sales Radmlaned | 5.2 | 30, 600 5970 0 
Undialyzed SP RR ie a Fi = aetna eels | 4.7 | 8,500 | 1820 94 
att a + 0.1 m hydroxylamine..| 4.9 | 30,800 | 6250 0 
ADH dialyzed 24 hrs. against phosphate (0.1 m, 
OEE. BAR ech v cones abiets smb edme seventies 5.0 | 26, oo | 5350 15 





t Theory for complete exchange, 1700 c.p.m. per uM. 

¢ 200 y dialyzed enzyme used; this amount of enzyme gave approximately the 
same activity as 40 7 of undialyzed enzyme in the usual spectrophotometric test for 
alcohol dehydrogenase. 


the transhydrogenase group or could also be catalyzed by dehydrogenases. 
Both lactic dehydrogenase and triosephosphate dehydrogenase, even in 
high concentration, did not catalyze the exchange between DPNH and 
DPN. However, it was found that yeast alcohol dehydrogenase would 
promote a transfer from unlabeled reduced DPN to the oxidized form 
tagged with C'-nicotinamide. On further investigation, evidence was ob- 
tained suggesting that alcohol was present in the alcohol dehydrogenase 
preparation, and this could, of course, account for the results obtained. 
Addition of hydroxylamine, which competes with alcohol in the alcohol 
dehydrogenase systems (13), completely abolishes the exchange. Hydrox- 
ylamine has no effect on the exchange catalyzed by the transhydrogen- 
ases. Extensive dialysis of the alcohol dehydrogenases also abolishes the 
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exchange. The effect of dialysis and of hydroxylamine with the yeast en- 
zyme is given in Table VII. These results indicate that the exchange 
reaction between oxidized and reduced DPN is limited to the enzymes of 
the transhydrogenase type. 


DISCUSSION 


The various types of group transfer which might account for the reac- 
tion of TPNH with DPN, catalyzed by the Pseudomonas transhydrogenase, 
include the following: (a) hydrogen or electron transfer; (b) transfer of 
the monoester phosphate group; (c) exchange of reduced and oxidized 
nicotinamide-containing moieties (nucleoside, nucleotide, etc.). When nic- 
otinamide-labeled DPN is used for the reaction with reduced TPN, the 
labeled nicotinamide can theoretically appear either in the reduced DPN 
or in the oxidized TPN, depending on the nature of the reaction. If the 


P 
Nfea. RPPRA + — o 
P (a) 
Nrea RPPRA + N3..RPPRA 


(b) P 
or (ec) 
Nrea. RPPRA + N%,.RPPRA 


reaction involved a phosphate transfer or an exchange of reduced and 
oxidized nicotinamide-containing moieties, one would expect labeled oxi- 
dized TPN to be formed. However, in our experiments, labeled reduced 
DPN was the end-product of the reaction. Hence the transhydrogenase 
reaction must involve either a hydrogen or electron transfer. Fisher et al. 
(14) have recently made the important observation that certain pyridine 
nucleotide-linked dehydrogenase reactions involve direct transfer of hydro- 
gen between substrate and coenzyme. Experiments in this laboratory with 
deuterium-labeled pyridine nucleotides indicate that the transhydrogenase 
reaction also involves a direct hydrogen transfer.? 

The previous observation that DPNH can react with desamino DPN in 
the presence of bacterial or animal transhydrogenase to form DPN and 
desamino DPNH is in line with the present findings that the transhydro- 
genases can cause an exchange between the oxidized and reduced forms of 
DPN. It is significant that the DPNH-DPN exchange as studied with 
the C'-nicotinamide-labeled nucleotides is markedly stimulated by adenylic 
acid a when the Pseudomonas enzyme is used, whereas, with the animal 


? San Pietro, A., Kaplan, N. O., and Colowick, 8. P., in preparation. 
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transhydrogenases, the compound has no effect. These results are in agree- 
ment with those found previously for the reaction between DPNH and des- 
amino DPN; a stimulation of this reaction by adenylic acid a was observed 
only with the bacterial system and not with the brain and heart systems. 

The interaction between the oxidized and reduced forms of DPN appears 
to be catalyzed only by the transhydrogenase group of enzymes and not 
by dehydrogenases. The finding that dehydrogenases fail to catalyze such 
an exchange is of some interest, since it indicates that a reduced protein 
is not involved as an intermediate in dehydrogenase reactions. That is, 
the dehydrogenases studied cannot function stepwise by accepting elec- 
trons from the substrate (or coenzyme) and then donating electrons to the 
coenzyme (or substrate). A similar conclusion was reached earlier (1) on 
the basis of the finding that alcohol dehydrogenase failed to catalyze the 
reaction of DPNH with desamino DPN. The results of Fisher et al. (14) 
demonstrating direct H transfer from substrate to coenzyme in dehydro- 
genase reactions might also be considered as evidence against a reduced 
protein as an intermediate. It therefore appears likely that in dehydro- 
genase reactions substrate and coenzyme must be simultaneously bound 
to the enzyme, and that a direct interaction between the two then takes 
place. In the case of transhydrogenase, it would appear from the studies 
with deuterium,” as well as from the other experiments described to date, 
that direct interaction occurs between two pyridine nucleotides which are 
simultaneously bound to the enzyme. However, the possible occurrence 
of a reduced enzyme as intermediate has not been ruled out entirely in 
this case. 

Electron exchange between oxidized and reduced forms of a given sub- 
stance is known to occur in the case of certain metal ions (15). The rate 
of such exchanges varies tremendously, the time required for complete ex- 
change ranging from a few seconds to several months with different metals. 
The ability to undergo rapid exchange is not at all correlated with 
the ability to produce stable electrode potentials. Therefore, the possi- 
bility that the DPN-DPNH system, which is ordinarily electromotively 
inert, might yield stable potentials in the presence of transhydrogenase 
appears to be remote. 

The biological significance of the exchange reaction between DPNH and 
DPN is not clear at present. That such a reaction may have physiological 
significance is suggested by the fact that in certain tissues, such as brain, 
transhydrogenase catalyzes only the transfers from DPNH to DPN or 
desamino DPN, and not the reaction of TPNH with DPN. It should be 
pointed out that all the animal transhydrogenases have been found in the 
particulate components of the tissues. One possible action of the trans- 
hydrogenase group of catalysts might be to promote an exchange between 
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the free reduced DPN and the bound DPN, which is known to be present 
in the insoluble components of the cell (16). Such a reaction is described 
in the following equation, where DPN-X represents DPN bound to protein. 


(5) DPNH + DPN-X — DPN + DPNH-X 


Some evidence for a reaction of this nature has been obtained by Dr. L. 
Astrachan in this laboratory, who has been able to show that the Pseu- 
domonas transhydrogenase catalyzes a transfer from TPNH to the bound 
DPN of crystalline triosephosphate dehydrogenase of muscle. 

Reaction 5 might be of importance in coupled phosphorylation reactions, 
since information to date indicates that the uptake of phosphate associated 
with the oxidation of reduced DPN appears to be concerned with the bound 
pyridine nucleotides of the mitochondria. By promoting Reaction 5, the 
transhydrogenase would then make available the reduced DPN formed by 
the soluble dehydrogenase systems for oxidative phosphorylation. The 
possibility has been discussed previously (17) that TPNH oxidation may 
not be coupled with phosphorylation except when the oxidation proceeds 
via DPN under the influence of transhydrogenase. The rdéle of the trans- 
hydrogenase with respect to the bound pyridine nucleotides and coupled 
phosphorylations is now being further pursued. 


SUMMARY 


1. By use of C'*-nicotinamide-labeled DPN, it has been possible to show 
that the following reaction catalyzed by the transhydrogenase from Pseu- 
domonas fluorescens definitely involves hydrogen or electron transfer. 


TPNH + DPN — TPN + DPNH 


2. An interaction between the oxidized and reduced forms of DPN has 
been found to be promoted by the transhydrogenases from Pseudomonas, 
beef heart, and beef brain. This interaction was determined by the use 
of C'-nicotinamide-labeled DPN and DPNH, and can be schematically 
summarized as follows: 


Nrea.RPPRA + Nox.RPPRA = Nox.RPPRA + Nrea.RPPRA 
(Labeled DPNH) + (DPN) (labeled DPN) + (DPNH) 


Methods for following this reaction have been described. 

3. The above interaction between DPNH and DPN in the Pseudomonas 
system is greatly accelerated by adenylic acid a. However, the latter 
nucleotide is without effect on the exchange catalyzed by the animal en- 
zyme. 

4. Triosephosphate dehydrogenase, lactic dehydrogenase, and yeast al- 
cohol dehydrogenase do not catalyze the interaction of DPNH and DPN. 
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5. The results are discussed with respect to the mechanism of action and 
the function of the transhydrogenase systems. 
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Recently a highly potent preparation of vasopressin has been obtained 
from beef posterior pituitary glands and the amino acid composition of this 
material has been established (2). Beef vasopressin resembles oxytocin 
in that six of the eight constituent amino acids are identical; however, 
vasopressin differs from oxytocin in that it contains arginine and phenyl- 
alanine in place of the leucine and isoleucine found in oxytocin. Thus it 
was considered important to a study of the structure of vasopressin to 
investigate its electrophoretic properties. The procedure of zone electro- 
phoresis was employed not only to parallel the studies already made on 
oxytocin (3), but also because this technique permits the direct determina- 
tion of the activity of the separated components. 

Earlier results of electrophoretic analysis in free solution of oxytocin 
and vasopressin materials have shown that the oxytocic and vasopressor 
activities possessed different rates of migration (4), and that the isoelectric 
point of vasopressin was at pH 10.85 (5). Recently, Acher, Chauvet, and 
Fromageot (6) reported that their preparation of beef vasopressin behaved 
as a single substance on electrophoresis on paper at pH 4 and had the 
same amino acid composition as that found by Turner, Pierce, and du 
Vigneaud (2). 


EXPERIMENTAL 


Preparation of Vasopressin and Oxytocin—The vasopressin vas prepared 
from beef posterior pituitary glands as previously described (2). Although 


* A partial report of this work was presented at the annual meeting of the Federa- 
tion of American Societies for Experimental Biology at Chicago, April 6-10, 1951. 
Appreciation is expressed to the Lederle Laboratories Division, American Cyanamid 
Company, for research grants which have aided greatly in this work. Acknowledg- 
ment is also made to Parke, Davis and Company, for generous gifts of posterior pi- 
tuitary powder, and to Armour and Company, who have made available concen- 
trates of hog pituitary glands. 
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more highly active preparations can be made, a partially purified prepara- 
tion of 300 units per mg. was selected for use in the electrophoretic studies, 
in addition to a cruder preparation of 70 units per mg. The oxytocin was 
from hog sources and was the same material that was employed in the 
previous electrophoretic study (3); although beef vasopressin differs from 
hog vasopressin in that it contains arginine instead of lysine (7), hog and 
beef oxytocin has been found to have the same amino acid composition (8) 
and electrophoretic behavior (3). A partially purified preparation of com- 
mercial vasopressin (pitressin) which had a potency of 60 units of pressor 
activity per mg. was also used. 

Oxytocic and Pressor Assays—Pressor assays were carried out by measur- 
ing the changes of arterial blood pressure of cats anesthetized with sodium 
phenobarbital. Oxytocic assays were performed according to the method 
of Coon (9). U.S. P. posterior pituitary reference standard was used as 
the standard in both assays. 

Electrophoretic Analyses on Filter Paper—The experiments were carried 
out essentially as described previously (3, 10, 11); 0.01 ml. of buffer solution 
containing 0.05 mg. of vasopressin was applied to the filter paper. The 
vasopressin was stained with the bromophenol blue-mercuric chloride re- 
agent after the paper had been made strongly alkaline. Fig. 1 is a photo- 
graph of a paper strip on which a partially purified vasopressin preparation 
of 60 units per mg. was subjected to electrophoresis simultaneously with 
the purified vasopressin; oxytocin is also illustrated for comparison. The 
purified vasopressin gave a major spot which corresponded in mobility to 
the material in the low potency preparation which migrated most rapidly 
to the cathode. Vasopressin showed a single major spot over a range from 
pH 5to 12. Other materials were evident in this vasopressin preparation, 
consisting of a broad group of less basic materials giving faintly staining 
spots. These are visible in Fig. 1, extending from the origin to the main 
vasopressin spot. 

Isoelectric Point—Mobility determinations at various pH levels were 
carried out with a dilute solution of hydrolyzed dextran as reference sub- 
stance to determine the extent of electroosmotic flow (10). Barbital- 
NaOH and glycine-NaOH mixtures at ['/2 = 0.1 were employed as buffers. 
The pH determinations and the electrophoretic separations were carried 
out at 5°. The concentration of vasopressin was kept constant. Fig. 2, A 
shows the results of a representative experiment at pH 8.4. The dextran 
spot was visible when the dry paper was first placed in the dye solution, 
and was localized by a pencil line shown in the photograph above the 
vasopressin spot. At this pH the vasopressin migrated to the cathode. 
Fig. 2, B illustrates the results of an experiment at pH 10.5. The dextran 
line is shown at the bottom of the strip and the vasopressin spot directly 
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above it. At this pH the vasopressin shows very little mobility and has 
moved to the cathode with the electroosmotic flow. For purposes of com- 
parison oxytocin is also illustrated in this photograph. It migrates in the 
opposite direction from vasopressin. Fig. 3 shows the curve obtained 








oe ack | 


Fic. 1. Photograph of filter paper strip with vasopressin (top), partially purified 
commercial vasopressin (center), and oxytocin (bottom). The specimens were ap- 
plied along the illustrated line. Acetate buffer, pH 5.7, P'/2 0.1, anode at the right. 








ae -> 
| 4 

Fic. 2. A, photograph of filter paper strip with vasopressin migrating to the 
cathode (left). The electroosmotic flow is indicated by the solid line representing 
the dextran spot. Specimen and dextran applied on light line. Barbital buffer, 
pH 8.4, 1/20.1. B, photograph of filter paper strip with vasopressin (top) moving 
to the cathode with the electroosmotic flow (solid line). Oxytocin shown migrating 
to the anode. Barbital-NaOH buffer, pH 10.5, T'/2 0.1. 


when mobilities are plotted against pH; this indicates an isoelectric point 
for vasopressin at pH 10.9. As in the experiment with oxytocin (3), the 
mobility values are not corrected for the path of migration in the paper and 
represent the actual figures obtained from the voltage drop perem. Barbi- 
tal-NaOH mixtures were employed at the higher pH levels, although it 
was realized that this was beyond the buffering range for the barbital sys- 
tem. Similar results were obtained with the glycine buffer. The pH was 
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measured at the ends of the paper before and after each experiment and 
no change was observed with the closed system employed. 

Pressor, Oxytocic, and Antidiuretic Activities—The biological activity of 
the major component with the isoelectric point at pH 10.9 was determined 
after electrophoretic separation in various supporting media. Starch and 
200 mesh soft glass beads were employed for most experiments, because 
larger samples of material could be separated with better recoveries than 
from the filter paper. In the first experiment 1.9 mg. of vasopressin, 
dissolved in acetate buffer at pH 4.2 and T'/2 = 0.1, were applied to a 
starch block containing the buffer, and current was applied as described 
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Fic. 3. Mobility measurements of vasopressin at various pH levels. Barbital- 
NaOH mixtures, I'/2 0.1. 





previously (3). At the conclusion of the experiment analyses of acid ex- 
tracts of the starch segments were carried out by the modified Folin tyro- 
sine method (10, 12). One major component with a high mobility to the 
cathode and several minor components were observed. Pressor assays of 
the same extracts showed that all of the activity migrated with the major 
component. Approximately 80 per cent recovery of the activity of the 
starting material was obtained. This component was also found to have 
oxytocic activity, as indicated in Table I. An assay for antidiuretic ac- 
tivity! demonstrated that the ratio of antidiuretic to pressor activity was 
unity, within experimental error of the assay. A similar experiment was 

! Dr. William B. Eisenmenger of the Hospital of The Rockefeller Institute for 


Medical Research kindly carried out for us the antidiuretic assays in the hydrated 
dog. 
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carried out in a more acid medium, with 0.1 N acetic acid as the buffer. 
The results of this experiment are shown in Fig. 4. 

To demonstrate further that oxytocic activity was associated with the 
pressor material a mixture containing 1 mg. of purified oxytocin and 1.5 
mg. of vasopressin was separated in an electric field. In this case 200 
mesh glass beads were employed as supporting medium with acetate buffer 
at pH 5.7 and '/2 = 0.1. The glass beads proved superior to the starch as 


TaBLe I 
Ratio of Activities Present in Vasopressin Component* 








Starting material Pressor Oxytocic Ratio 


units per ml. units per ml. 





a en Peee eer 30 4.0 7.5 
Mixture of vasopressin and oxytocin........! 28 4.0 7.0 
Crude Vasopressin. ............. 0. ses eee ees 83 | 11 7.6 





* The activities reported are those measured in the pressor component isolated 
by electrophoresis from the indicated starting material. 
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Fic. 4. Correlation between vasopressor activity and Folin phenol color of vaso- 
pressin preparation with a potency of 300 units per mg. The arrows indicate the 
origin and direction of migration to the cathode. Glass bead supporting medium 
employed in 0.1 N acetic acid. 


a supporting medium for these peptides at this pH. Slight tailing, de- 
scribed for oxytocin in the previous report (3), was reduced to a minimum 
and analyses of the fractions by the modified tyrosine reagent were more 
readily carried out. Fig. 5 illustrates the results of pressor and oxytocic 
assays of the various fractions. It is apparent that two oxytocic peaks 
were obtained, one appearing in the electrophoretic position of oxytocin, 
and the other, accompanied with pressor activity, in the position of vaso- 
pressin. The activity peaks correspond to the two major components 
observed by chemical analyses. 60 per cent recovery of vasopressin was 
obtained in this experiment. 
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Electrophoretic Purification of Crude Vasopressin—100 mg. of crude vaso- 





pressin containing approximately 70 units per mg. were subjected to elec- 
trophoresis at pH 5.7 on the glass bead supporting medium. The peak 
containing the pressor activity was recovered; assay for pressor activity 
showed this material to contain 2000 units per mg. of total nitrogen. Since 
the most potent preparations of vasopressin had a nitrogen content of 
19.5 per cent, this preparation is equivalent to 400 units per mg. 
Determination of pK of Phenolic Groups of Oxytocin and Vasopressin— 
The electrophoretically purified vasopressin was employed for studies of the 
ionization of the phenolic group of the tyrosine residue. Measurements 
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Fia. 5. Electrophoretic separation of oxytocie and vasopressor activities on glass 
bead supporting medium from a mixture of oxytocin and vasopressin. The arrows 
indicate the origin and direction of migration to the cathode. Acetate buffer, pH 
5.7, 1/2 0.1. 














were made of the concentration of phenoxide ion at varying pH levels ac- 
cording to the method of Crammer and Neuberger (13). Determinations 
were carried out in glycine buffer solutions at '/2 = 0.04 in a closed sys- 
tem to exclude COs. Under these conditions the pK of the phenolic group 
of tyrosine was found to be 10.02; the phenolic group of vasopressin had 
an apparent pK of 9.75 and that of oxytocin a pK of 10.14. 


DISCUSSION 


The electrophoretic studies on filter paper have shown that the main 
component of the vasopressin preparation is a basic substance which mi- 
grates as a round spot over a wide pH range. Similar results were obtained 
with larger amounts of vasopressin in a system which employed starch and 
glass beads as the supporting media; analyses for pressor activity identi- 
fied the basic material as the active substance. Beef vasopressin was 
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shown to be an amphoteric substance with an isoelectric point at approxi- 
mately pH 10.9. The agreement with the previously determined value of 
pH 10.85 (5) demonstrates the essential identity of the beef vasopressin 
prepared by another method under investigation at that time with the 
beef vasopressin used in the present study. 

Previous work performed in part in one of these laboratories has shown 
that vasopressin preparations contain some oxytocic activity as determined 
by either the fowl depressor assay of Coon or by the uterine strip assay 
(14). This oxytocic activity was not due to the presence of oxytocin, since 
two of the component amino acids of oxytocin (leucine and isoleucine) were 
absent. It was proposed that vasopressin had inherent oxytocic activity, 
in the ratio of 20 pressor units to 2.7 oxytocic units when measured by the 
method of Coon or 20 pressor units to 1 oxytocic unit as determined by the 
uterine strip assay. If vasopressin has inherent oxytocic activity, one 
would expect to be able to separate by electrophoresis the oxytocic activity 
of oxytocin from the oxytocic activity of vasopressin. Therefore oxytocin 
was purposely added to vasopressin, and electrophoretic separation on the 
glass bead supporting medium resulted in two oxytocic peaks. The more 
basic peak was found in the vasopressin position, and it also contained pres- 
sor activity. Furthermore, the ratio of pressor to oxytocic activity as 
measured by the Coon method was 20 pressor units to 2.7 oxytocic units. 

Additional evidence for the inherent oxytocic activity of vasopressin is 
presented in Table I, which shows that the ratios of pressor to oxytocic 
activity in the pressor component isolated from vasopressin, from a mixture 
of vasopressin and oxytocin, and from a crude vasopressin preparation are 
identical, within the experimental error of the assay. Examination of one 
of these pressor peaks for antidiuretic activity demonstrated that the anti- 
diuretic and pressor activities were equal. 

Beef vasopressin, with an isoelectric point at pH 10.9, is thus one of the 
most basic peptides known in nature. This basic property makes electro- 
phoresis a powerful tool for the purification of the hormone. In fact, it 
has been possible to increase the potency of a crude vasopressin preparation 
7-fold by a single electrophoretic treatment. Further work on the prep- 
arative aspects of zone electrophoresis will be reported at a later date. 

From the data presented in this paper it can be deduced that oxytocin 
has a free phenolic group on the tyrosine residue with a pK of 10.14, and 
that vasopressin possesses a free phenolic group with a pK of 9.75. Other 
studies in this laboratory indicate that oxytocin possesses one free amino 
group which is on the cystine residue (15); no evidence has been found for 
a free carboxyl group.2. Thus, the ionizable groups of oxytocin appear to 
be an amino group and a phenolic group. If an amphoteric substance is 


2 Ressler, C., and du Vigneaud, V., unpublished data. 
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to exist in the isoelectric state as a dipolar ion, not as an uncharged mole- 
cule, the acidity of the uncharged proton donor must be greater than that 
of the charged, or cationic, proton donor (16). In the case of oxytocin, 
the uncharged acid group is the phenolic group of the tyrosine residue which 
possesses a pK far above that of any peptide a-amino groups. Therefore, 
the acidity of the uncharged acid group is less than the acidity of the cat- 
ionic group, and conditions exist for the formation of an uncharged mole- 
cule. In fact, at pH 7.7, the degree of ionization of the phenolic group is 
less than 1 per cent. Since by definition the peptide is isoelectric, the 
same will hold true for the amino group. Thus, in the isoelectric state, 
oxytocin can be described as an essentially uncharged molecule. In the 
case of beef vasopressin, a different set of circumstances will prevail at 
its isoelectric pH of 10.9, since at this pH the phenolic group will exist as a 
phenoxide ion. 


The authors gratefully acknowledge the capable assistance of Miss Mary 
Anne De Witt, Miss Julia Harvey, and Miss Sylvia Kirsimagi in carrying 
out the oxytocic and pressor assays. 





SUMMARY | 


High potency preparations of beef vasopressin were examined by the | 
method of zone electrophoresis on supporting media of filter paper, starch, | 
and glass beads. A single biologically active component was observed, | 
possessing pressor, antidiuretic, and oxytocic activity. Beef vasopressin 
was shown to be an ampholyte with an isoelectric point at approximately 
pH 10.9. Vasopressin and oxytocin were readily separated by electro- 
phoresis and additional evidence for the inherent oxytocic activity of vaso- 
pressin was obtained. The observed pK of the tyrosine phenolic group of 
oxytocin was 10.14 and of vasopressin 9.75. 
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In previous communications (1, 2), we have presented a detailed analysis 
of the fatty acids of Lactobacillus arabinosus. The lipides derived from a 
large quantity of this organism were found to contain palmitic, stearic, 
and cis-vaccenic acids, and a previously unknown 19-carbon branched 
chain fatty acid (lactobacillic acid). 

Lactobacillic acid was shown to contain a cyclopropane ring, and the 
structure of a methyleneoctadecanoic acid was postulated for it. The 
discovery of significant amounts of two such uncommon fatty acids as 
cis-vaccenic and lactobacillic acids in the lipides of L. arabinosus prompted 
the present inquiry into the chemical nature of the fatty acids of the 
closely related Lactobacillus casei. 


EXPERIMENTAL! 
Cultivation and Extraction of Cells 


Large batches of L. casei cells were grown in carboys of 19 liters volume, 
on a semisynthetic medium of the composition shown in Table I. Each 
carboy was charged with 15 liters of the medium and fitted with a cotton 
plug, and groups of three carboys were sterilized simultaneously by heating 
in a steam autoclave until the medium reached the temperature of 116° 
(average time required, 50 minutes). The hot carboys were removed from 
the autoclave, allowed to cool overnight, inoculated with L. casei 7469, 
and incubated for 24 hours in a dark room at 37°. A 24 hour culture of 
the organisms in 100 ml. of the medium (Table I) served as the inoculum 
for each carboy. The cells from six carboys (collected in a Sharples super- 
centrifuge at 25,000 r.p.m.) were resuspended in 3 liters of 0.9 per cent 
saline solution and recentrifuged. 120 carboys were processed in this 


* Supported by grants from the American Cancer Society, recommended by the 
Committee on Growth of the National Research Council, the Rockefeller Founda- 
tion in New York, and Ciba Pharmaceutical Products, Inc., Summit, New Jersey. 

t Predoctoral Research Fellow of the National Science Foundation, 1952-53. 

! The melting points were determined with short stem Anschiitz thermometers and 
are uncorrected. Freshly distilled solvents were used, and operations were per- 
formed under nitrogen whenever possible. The iodine numbers were determined by 
the Wijs method. 
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manner, and the washed cells then stored in 10 liters of acetone at 5°. 
Occasionally, samples were removed from the carboys and examined 
microscopically for evidence of contamination. The extraction of the 
cells and the isolation of the “free” and “bound” lipides were carried out 
essentially according to the methods previously described (2). The ace- 
tone-ether extracts (‘free” lipides) weighed 12.1 gm. The acetone-ether- 
extracted cell residues (2030 gm.), upon hydrolysis with 2 N sulfuric acid, 
yielded 46.4 gm. of “bound” lipides. 


Isolation and Characterization of Fatty Acids from “Bound” Lipides 


Preparation and Separation of Methyl Esters 


The “bound” lipides (46.4 gm.) were saponified in the usual manner (2) 
to give 29.8 gm. of fatty acids (and 0.86 gm. of an orange-colored, waxy, 
non-saponifiable fraction which was not investigated). The fatty acids 
were converted into their methyl esters (30.5 gm.; iodine value, 47.0) 
by short exposure to an excess of diazomethane, and the esters were frac- 
tionated by distillation in a spinning band, semimicro, Piros Glover frac- 
tionating column (2). A representative distillation curve obtained with 
10.2 gm. of esters is illustrated in Fig. 1. From the distillation curve, it 
is estimated that the material consisted of low boiling esters, 0.2 gm.; 
Cie esters, 2.4 gm.; Cis esters, 4.2 gm.; Cis esters, 1.4 gm.; and still pot 
residues, 1.9 gm. 


Characterization of Cis Fatty Acid 


Saponification of a sample of the Ci. fraction (n," 1.4331) gave palmitic 
acid, m.p. 61.4-63.4°, identified by a mixed melting point determination 
with an authentic sample. 


Characterization of Cg Fatty Acids 


A portion of the Cis methyl esters (1.030 gm.) was saponified, and the 
resulting acids (0.881 gm.) separated into a solid acid (82 mg.) and a 
liquid acid (746 mg.) by fractional crystallization at —20° from petroleum 
ether (eight recrystallizations) and then from acetone (seven recrystalliza- 
tions). In another experiment, performed on 2.295 gm. of the crude Cys 
acids, 221 mg. of solid acid and 2.000 gm. of liquid acid were obtained. 
The solid acid (m.p. 67.8-68.8°) was identified as stearic acid by a mixed 
melting point determination. 

The crude, liquid fatty acid (melting at 12.6-13.2°) was twice recrystal- 
lized from acetone at —20° to give a colorless material melting at 13.4- 
14.4°. No melting point depression was observed when this material was 
mixed with the liquid C.s acid previously isolated from L. arabinosus (2); 
however, a 1:1 mixture with oleic acid melted at —2.0 to +1.9°. 
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TaBLe I 


Semisynthetic Medium for Culture of L. casei* 








Constituent | Weight 
gm. 
I< 50s dare, wid cena 4. 0s ark at ant Wale esa» RTE A 1800 
Casein hydrolysate (Squibbf)......................0005. 1500 
Sodium acetate (anhydrous).....................2000005- 1800 
MMM ios. HA wolereriohs salad. Aedes Weaiee Ks 225 
590 nig gig ed 5 aie a a aE ie ota ae 225 
Se RS Fon ig salons <eiake 8 Sep 4p Va Riwes Seeeintesa ss 9 
INI, 5 sorate sics ws oe Kee Joab wae b mimes weerembene 72 
eee nies «or nee eunte Ra Thee eee ten | 3.6 
FeSO,-7H.O phoccevlres ah snob aet eb sa eRNO NS WS CSRORSD CSS WES 3.6 
Di aa, se csoieed. sete Sa | | 14.4 
IAIN ee Fi. dy ev sacige oho Sad BLED Sew ttabline bsg 0.9 
ee eee ow honuee ta | 0.9 
Se rere eee ere 0.009 
Caletam paettothonate.... fo... ccc ceeds eset nee. 0.045 
UT Ge nce ee ec oe ee idee 0.018 
NS" IR EERE OTL DASE ey Ey EN ES | 0.045 
ne oc sa ass Va ceed a eee ae 0.090 
eee  enteeiie See ent heal cote Doerr a ee 0.045 
I nO Lo rtaria cele akea gio enooaerew en gers sy 0.045 
Ne eS cutie be toe ee ans Greils Waa o 0.00036 


* Constituents dissolved in 90 liters of distilled water and adjusted to pH 6.8 to 


7.0 with 10 n NaOH. 


+ Ether extraction of a 100 gm. sample of the casein hydrolysate yielded 24 mg. 


of oily, semisolid lipide material. 
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Fia. 1. Distillation curve of the methyl esters derived from the ‘‘bound”’ lipides 
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Two microhydrogenations (3) of the liquid acid with Adams’ catalyst 
in glacial acetic acid, with 34.11 mg. and 28.30 mg. samples, gave hydro- 
gen numbers? of 299 and 295, respectively. (The theoretical hydrogen 
number of a monoethenoid octadecanoic acid is 282.) Stearic acid, m.p. 
68.2-70.0° (47 mg.), was isolated from the combined hydrogenation prod- 
ucts and identified by a mixed melting point determination with an au- 
thentic sample. 

Hydroxylation with performic acid (4) of 0.365 gm. of the liquid acid 
gave 0.365 gm. of a crude dihydroxyoctadecanoic acid which was purified 
by washing with two 6 ml. portions of petroleum ether, followed by three 
recrystallizations from 6 ml. of 50 per cent aqueous ethanol at 5°. A 
purified product (233 mg.) melting at 91.4-93.2° was obtained. A sample 
of the dihydroxy acid (201 mg.) was cleaved by oxidation in the manner 
previously described (5), and, from the steam-volatile fraction, heptal- 
dehyde was isolated as the 2 ,4-dinitrophenylhydrazone (m.p. 105.2-106.6°) 
(82 mg.). 

Ci3His0,.N;. Calculated. C 53.04, H 6.16, N 19.02 
Found. ‘* §3.31, “* 6.26, “‘ 19.04 


The degradation product not volatile in steam gave undecanedioic acid 
(m.p. 108.5-110.6°) (85 mg.) upon oxidation with silver oxide (2). 


Cy:H.O,. Caleulated, C 61.13, H 9.26; found, C 61.22, H 9.14 


The p-phenylphenacy] ester (6), the amide (7), and the epoxide (8) of the 
liquid acid were also prepared and compared with the corresponding de- 
rivatives derived from highly purified oleic and synthetic cis-vaccenic 
acids (Table II). In addition, the liquid acid was elaidinized (9) and the 
resulting trans acid compared with elaidic and trans-vaccenic acids (Table 
II). 


Characterization of Cy Fatty Acid 


Saponification of a sample of the Ciy methyl esters (0.641 gm.) gave a 
low melting fatty acid (0.570 gm.). This material was recrystallized from 
petroleum ether (two recrystallizations) and from acetone (three recrystal- 
lizations) to give 0.423 gm. of a fatty acid melting at 28.2-29.0°; long 
spacing value 41.0. 


CypH 3602. Calculated. C 76.96, H 12.24 
Found. 77-46, * 15.0 
‘© 77.10, ** 12.15 


A mixed melting point. with lactobacillic acid from L. arabinosus (m.p. 


2 The hydrogen number is defined as (weight of sample) /(ml. of H. absorbed (stand- 
ard temperature and pressure)) X 22.4. 
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28.0-29.0°) gave no depression. The x-ray diffraction patterns and infra- 


red absorption spectra (Fig. 2) of the acid from both sources were identical. 


TaBie II 


Comparison of Melting Points of L. casei Cis Liquid Fatty Acid, cis-Vaccenic Acid, 
and Oleic Acid, and of Some of 1 Their Derivatives: 




















* tatea) cis- Neocenlc | ee 
Derivative _— a ages dian Pp a 
(A) (B) (C) | 
C. } » ot °C. Nes °C. ~ 
Free acid (cis)........ 13.4-14.4 | 12.4-13.0 | 12.5-13.0) 12.4-13.2;/—2.0to +1.9 
Low melting dihydroxy .| 91.4-93.2 | 92.2-94.0 | 91.8-93.8) 91.4-93.0) 80.4 “ 85.0 
pe de iA i | 79.0-80.8 | 78.0-80.0 | 74.6-75.4| 78.0-80.3) 72.8 “ 74.2 
p-Phenylphenacy] ester. | 65.666 ..8 | 65.0-66.2 | 58.4-60.6; 65.0-66.0) 55.0 “ 58.2 
ee ree | 45.8-47.3 | 46.0-47.6 | 57.0-58.0) 46.0-47.2) 43.5 “ 47.0 
Isomerized acid re. | 42.443 .5 | 42.5-44.1 | 42.6-44.0) 42.3-44.0) 36.0 “ 38.5 
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Fic. 2. Infra-red absorption spectra of lactobacillic acid from L. arabinosus (Curve 
1) and L. casei (Curve 2). The spectra were determined with a Baird infra-red spec- 
trophotometer with a rock salt prism. 


Amide—The amide was prepared (2) and, following recrystallization 
from 50 per cent aqueous ethanol, melted at 79.4-81.5°. No depression 
of the melting point was observed when this amide was mixed with lacto- 
bacillamide (m.p. 79.6-82.4°). The x-ray diffraction pattern was identical 
with that of lactobacillamide. 


CyHsON. Calculated. C 77.22, H 12.62, N 4.74 
Found. «76.96, “ 12.60, “ 4.91 
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Isolation and Characterization of Fatty Acids from ‘‘Free’’ Lipides 


The “free” lipides (12.1 gm.; iodine number, 46.0) were saponified to 
give a semisolid non-saponifiable fraction (0.55 gm.) and a fatty acid frac- 
tion (8.80 gm.) which was converted into the methyl esters with diazo- 
methane. Distillation of the methyl esters (8.21 gm.) gave the following 
fractions: low boiling esters, 0.2 gm.; Ci. esters, 2.5 gm.; Cis esters, 3.4 
gm.; Cy esters, 0.5 gm.; still pot residues, 1.5 gm. The Cis esters were 
saponified, and the ensuing acid identified as palmitic acid. Saponifica- 
tion of the Cys esters (0.933 gm.) gave a mixture of acids (0.828 gm.). A 
sample of these acids (733 mg.) was separated by low temperature frac- 
tional recrystallization from petroleum ether (eight recrystallizations) and 
acetone (seven recrystallizations) into stearic acid (m.p. 67.0-69.2°; 200 
mg.) and a liquid acid (m.p. 11.5-12.2°; 517 mg.). This liquid acid was, 
in every respect, identical with the liquid Cs fatty acid derived from the 
“bound” lipides. The amount of the Cy, fraction was insufficient for 
characterization. 


Synthesis of cis-Vaccenic Acid 


The cis-vaccenic acid used for comparison with the natural Cis liquid 
acid was synthesized essentially as described by Ahmad, Bumpus, and 
Strong (10). However, the final step in this preparation involves partial 
bydrogenation of 11 ,12-octadecynoic acid in the presence of Raney nickel, 
giving a cis-vaccenic acid which is contaminated with large amounts of 
stearic acid. The following procedure avoids this difficulty. A sample 
of 11,12-octadecynoic acid (m.p. 46.4-47.6°; 4.242 gm.) was hydrogenated 
with 0.80 gm. of a 5 per cent palladium on charcoal catalyst* in 120 ml. 
of ethanol containing 20 per cent (by volume) of pyridine; uptake of hy- 
drogen ceased when 1.09 mole equivalents of hydrogen had been absorbed. 
Recrystallization from acetone of the acid-washed hydrogenation products 
gave 44 mg. of stearic acid and 3.776 gm. (88.4 per cent) of cis-vaccenic 
acid, m.p. 12.4-13.0°. The melting points of a number of hitherto un- 
reported derivatives of cis-vaccenic acid are recorded in Table II. 


DISCUSSION 


A large quantity (2042 gm.) of L. casei was grown on a semisynthetic 
medium of low lipide content, and the lipides derived from the cells were 
separated into “free” and “bound” lipides. The “free’’ lipides consisted 
of the acetone-ether-soluble constituents: of the bacteria, whereas the 
“bound” lipides contained those substances which, after acid hydrolysis 
of the defatted cells, were ether-soluble. When grown under our experi- 
mental conditions, the cells contain a total of 2.9 per cent of lipides; of 


3 Obtained from the American Platinum Works, Newark, New Jersey. 
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this, 21 per cent is “free’’ and 79 per cent is “bound” lipide. Interestingly, 
these ratios are practically identical with those previously found for L. 
arabinosus (2). The latter organisms contained 2.6 per cent of lipide 
materials, consisting of 20 per cent of “free” and 80 per cent of “bound” 
lipides. 

The “bound” lipides of L. casei contained essentially the same fatty 
acids as those of L. arabinosus, namely, palmitic acid (23 per cent), stearic 
acid (4 per cent), cis-vaccenic acid (38 per cent), and lactobacillic acid 
(16 per cent).4 The quantitative distribution of the various fatty acids 
differed somewhat for the two organisms. Spectrophotometric analysis 
(11) of the Cys methyl] esters derived from both the “bound” and the “‘free”’ 
lipides of L. casei indicated the presence of only traces (less than 1 per 
cent) of more highly unsaturated fatty acids. The composition of the 
“free” lipides was similar to that of the “bound”? lipides. 

The characterization of palmitic and stearic acids requires no special 
comments. The unequivocal identification of the liquid octadecenoic acid 
as cis-vaccenic acid was based on (a) its conversion into stearic acid by 
catalytic hydrogenation, (b) a comparison of several properties of deriva- 
tives with those of corresponding derivatives from oleic and synthetic 
cis-vaccenic acids (Table II), and (c) its oxidative cleavage, via the low 
melting dihydroxy derivative to give heptaldehyde and undecanedioic 
acid. No indication of the presence of oleic acid was obtained; the pres- 
ence of a trace of this substance cannot yet be ruled out, however. 

Recently, we have investigated the fatty acids of a human group C 
strain of Streptococcus hemolyticus H46A and have identified cis-vaccenic 
acid as the major component of the Cis fraction.’ These results point to 
wide-spread distribution of cis-vaccenic acid in bacterial lipides. 

Oleic acid has been reported to be a constituent of the lipides of the 
human, bovine, and avian strains of the tubercle bacillus (12-14), of 
Lactobacillus acidophilus (15), of Phytomonas tumefaciens (16, 17), and of 
several species of Escherichia (18). Its presence has been inferred by the 
isolation of stearic acid upon hydrogenation, and from the iodine values 
obtained prior to hydrogenation. Our demonstration of cis-vaccenic acid 
as a major fatty acid component of three microorganisms necessitates 
a reevaluation of previous characterizations of oleic acid in bacterial 
lipides. As may be seen from Table II, the melting points of cis-vaccenic 
acid and oleic acid, and of a number of their derivatives, exhibit a striking 
similarity. Consequently, great care must be exercised in the identifica- 
tion of monoethenoid octadecanoic acids of bacterial origin. The 
characterization of such acids should involve (a) conversion into the low 

4 This figure represents a minimal value, since a considerable quantity of methyl 


lactobacillate remains in the still pot residues. 
*K. Hofmann and F. Tausig, to be published. 
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melting dihydroxyoctadecanoic acid, (b) oxidative cleavage of the latter 
derivative and identification of the fragments, and (c) preparation of a 
number of derivatives and comparison with corresponding derivatives 
having established identity. 

Since the x-ray diffraction patterns of the dihydroxy derivatives of a 
number of octadecenoic acids exhibit characteristic differences (19), this 
property also is useful in establishing the location of the double bond. 

Lactobacillic acid, previously discovered as a major constituent of the 
lipides of L. arabinosus, is also present in significant amounts in the fatty 
acids of L. casei. Samples from both sources were compared by mixed 
melting point determinations on the free acids and their amides, by infra- 
red absorption spectra (Fig. 2), and by x-ray diffraction studies, and were 
found to be identical in every respect. 

Comparison with synthetic, “model” compounds points to one of the 
stereoisomers of 11 ,12-methyleneoctadecanoic acid as a most likely struc- 
ture for lactobacillic acid. 

Interestingly, occurrence of Cy) fatty acids containing a cyclopropane 
ring is not restricted to the two above mentioned lactobacilli. A fatty 
acid (sterculic acid) has recently been isolated from the kernel oil of the 
tropical tree Sterculia foetida, and evidence pointing to the structure of a 
9,10-methylene-9 , 10-octadecenoic acid was presented (20). 


SUMMARY 
The fatty acid “spectrum” of Lactobacillus casei has been determined 


with 2042 gm. of cells grown on a semisynthetic medium of low lipide 
content. The organisms have been found to contain 2.9 per cent of 


lipides; of this, 21 per cent is extractable with acetone-ether (‘‘free’’ lipides) 


and 79 per cent is ether-soluble after acid hydrolysis of the extracted cells 
(“bound” lipides). The “bound” lipides contain palmitic acid (23 per 
cent), cis-vaccenic acid (38 per cent), stearic acid (4 per cent), and lacto- 
bacillic acid (16 per cent).4 The composition of the “free” lipides is es- 


sentially identical with that of the “‘bound”’ lipides. 


An improved method of synthesis of cis-vaccenic acid has been developed. 


We wish to express our sincere appreciation to Dr. E. 8S. Lutton of The 
Procter and Gamble Company for the x-ray studies and to Dr. Foil A. 
Miller of the Mellon Institute of Industrial Research for the infra-red 


absorption spectra. 
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PHOSPHORYLATION COUPLED TO ELECTRON TRANSPORT 
IN CELL-FREE EXTRACTS OF ALCALIGENES FAECALIS* 


By GIFFORD B. PINCHOT 
(From the Department of Microbiology, Yale University, New Haven, Connecticut) 


(Received for publication, May 26, 1953) 


The mechanisms of oxidative phosphorylation have remained obscure, 
largely because of the marked lability of the phosphorylating reaction in 
animal mitochondria, which makes fractionation of the component en- 
zymes difficult. Extracts of Escherichia coli were studied (1, 2) in the 
hope of finding a system which would withstand fractionation. Sonic 
extracts of these organisms catalyzed DPN-dependent phosphorylation 
associated with the oxidation of alcohol, and could be separated into two 
components.' In order to exclude phosphorylation at the substrate level, 
it was necessary to prevent acetyl phosphate formation by the removal 
of coenzyme A and to inhibit glycolysis with iodoacetate and fluoride. 
Since the use of inhibitors might seriously complicate the investigation, 
a system in which they were not required was sought. This paper is a 
report of studies on such a system. 

Because Alcaligenes faecalis is known not to ferment glucose, extracts 
of these organisms were selected for study. They catalyzed the esterifica- 
tion of inorganic phosphate associated with alcohol oxidation and failed 
to metabolize either acetaldehyde or G-6-P. Phosphorylation was also 
coupled to oxidation of DPNH, and the extracts could be separated into 
three components, all of which were required for the reaction. 


Materials and Methods 


A. faecalis, strain 8750, was obtained from the American Type Culture 
Collection, and was shown not to produce acid in glucose medium. It was 
grown for 18 hours with aeration at 37° in 2 per cent trypticase (Balti- 
more Biological Laboratories) and 0.5 per cent yeast extract (Difco) in 
distilled water. The organisms were harvested by centrifugation in the 
cold, washed three times in cold distilled water, and then suspended in 25 

* This work was supported by a contract between the Office of Naval Research 
and Yale University. 

1 The following abbreviations will be used: DPN and DPNH for oxidized and re- 
duced diphosphopyridine nucleotide, G-6-P for glucose-6-phosphate, ATP for ade- 
nosinetriphosphate, ADP for adenosinediphosphate, ATPase for adenosinetriphos- 


phatase, P; for inorganic phosphate, TPN for triphosphopyridine nucleotide, and 
DNP for 2,4-dinitrophenol. 
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to 30 cc. of water per 2 liters of culture. The suspension was exposed to a 
Raytheon sonic disintegrator for 6 to 10 minutes and centrifuged in the 
cold for 15 minutes at 25,000 * g, to remove intact cells and débris. The 
clear supernatant fluid from the centrifugation is called the crude extract. 

DPNH oxidase activity was measured in a 3 cc. cell in the Beckman 
model DU spectrophotometer. The reaction was carried out in 0.1 m 
potassium phosphate buffer at pH 7.4, and the enzyme was diluted in the 
same buffer. Enough DPNH was added to give a reading of approxi- 
mately 0.550. A unit of activity is defined as a decrease in optical density 
of 0.001 during the Ist minute. Protein determinations were made by 
the biuret method (3). Oxidative phosphorylation was studied at 26° 
in a mixture of glycylglycine and potassium phosphate buffers. The ATP 
which was formed from ADP during phosphorylation was used to syn- 
thesize G-6-P by adding yeast hexokinase, glucose, and magnesium chlo- 
ride. Oxygen consumption was measured manometrically. The reaction 
was stopped with trichloroacetic acid, and phosphorylation was then meas- 
ured either by disappearance of P; or by accumulation of G-6-P. The 
amount of P; taken up in the reaction was determined as the difference 
between the content in the experimental vessel and that in a control to 
which trichloroacetic acid was added immediately. Inorganic phosphate 
was measured by the method of Lohmann and Jendrassik (4). G-6-P 
was measured by one of two methods. With reduced DPN and a-glycero- 
phosphate dehydrogenase and the appropriate glycolytic enzymes which 
form triose phosphate from G-6-P, the decrease in absorption at 340 my 
was measured (5). Or G-6-P was determined by the increase in absorp- 
tion at 340 my with TPN and G-6-P dehydrogenase prepared by the 
method of Kornberg (6). 

Hexokinase was prepared by the method of Berger, Slein, Colowick, and 
Cori (7), carried to Step 5 and was about 80 per cent pure. Hexokinase 
activity was measured spectrophotometrically (5). ATP was prepared by 
a modification of the method of Lohmann (8), while ADP was a product 
of the Sigma Chemical Company. Both were used as the potassium salts. 
G-6-P was synthesized by the method of Levene and Raymond (9) and 
was used as the sodium salt. DPN was prepared by the method of Ochoa? 
and was 81 per cent pure. Alcohol dehydrogenase was prepared by the 
method of Racker (10) and was generously supplied by him. The prepa- 
rations used were recrystallized once or twice. 

DPN was reduced by the method of Gutcho and Stewart (11) or reduced 
enzymatically by the following method. To 5 cc. of a solution containing 
6.6 mg. of DPN, were added 0.5 cc. of 95 per cent alcohol and an excess of 
alcohol dehydrogenase. The pH was maintained at 9.5 by adding dilute 


2 Ochoa, S., personal communication. 
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potassium hydroxide. When there was no further increase in absorption 
at 340 my, the solution was boiled for 3 minutes and centrifuged at high 
speed to remove the enzyme. 

All reagents were dissolved in water distilled in glass. 


Results 


A study of phosphorylation associated with alcohol oxidation was made 
in crude extracts of A. faecalis to which were added alcohol dehydrogenase 
and DPN; the results of such an experiment are shown in Table I. 


TABLE I 


Phosphorylation Associated with Oxidation of Alcohol in Presence of 
Crude A. faecalis Extract 


Each vessel contained 1 cc. of crude extract, which had 3660 oxidase units and 
20.8 mg. of protein, | cc. of 0.25 Mm glycylglycine buffer containing 12.5 um of inorganic 
phosphate, both at pH 7.2, 7 X 10-* m magnesium chloride (final concentration), 
and 0.75 um of DPN. 100 um of ethyl alcohol were added as indicated. All the 
side arms contained 1.6 um of ATP, 100 um of glucose, and 24,000 units of hexokinase. 
12,000 units of alcohol dehydrogenase were added to the side arms of the vessels as 
indicated, and the contents of the side arms were tipped in after temperature equili- 
bration. The center wells contained 0.2 cc. of 40 per cent potassium hydroxide. 
The total fluid volume was made to 3.0 cc. The reaction was run for 15 minutes at 
26°, and phosphate esterification was determined as P; disappearance. 





Alcohol Alcohol dehydrogenase | O2 consumed | Phosphate esterified 
meee ea Pwraare microioms uxt 
— - 2.1 0.8 
+ - | 2.2 0.8 
- + 4.4 1.8 
+ + | 7.4 2.7 





* Micromoles. 


It can be seen from Table I that crude extract, without added substrate 
or dehydrogenase, catalyzes an appreciable amount of oxidative phosphor- 
ylation. A marked increase in oxygen consumption and phosphate esteri- 
fication was produced by the addition of both alcohol and alcohol dehy- 
drogenase. The addition of alcohol alone had no effect, while the addition 
of the dehydrogenase alone produced a definite but smaller effect. These 
results indicate that alcohol dehydrogenase is not present in the crude 
extracts. The increased phosphorylation and oxygen consumption pro- 
duced by addition of alcohol dehydrogenase alone may be caused either 
by the presence of alcohol in the bacterial extracts or by the small amount 
of alcohol contained in the hexokinase preparation. 

It remained to be shown, however, that the phosphorylation observed 
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during alcohol oxidation was not the result of formation of acetyl phos- 
phate from acetaldehyde, and was not in part the result of further me- 
tabolism of G-6-P. To determine this, experiments were performed com- 
paring the effects of alcohol, acetaldehyde, and G-6-P as substrates. An 
example of such an experiment is given in Table IT. 

It can be seen from Table II that the oxidation of alcohol and the phos- 
phorylation coupled to it, as evidenced by P; taken up, were stimulated 
by addition of DPN to the bacterial extract. It is also evident that acetal- 


TaBLe II 

Failure of A. faecalis Extracts to Metabolize Acetaldehyde or Glucose-6-phosphate 

Each vessel contained 1 cc. of crude extract, which had 2170 oxidase units and 
12.6 mg. of protein, 0.5 cc. of 0.25 m glycylglycine buffer which contained 12.5 um 
of Pi, both at pH 7.4, 7 X 10-* m magnesium chloride (final concentration), 1.6 um 
of ATP, 100 um of glucose, 29,000 units of hexokinase, and 34,000 units of alcohol 
dehydrogenase. The side arms contained 0.75 um of DPN as indicated and sub- 
strates in the amounts shown. The center wells contained 0.2 cc. of 40 per cent 
potassium hydroxide. The total fluid volume was 3.0 cc. The contents of the side 
arms were tipped in after temperature equilibration, and the experiment was run 
for 20 minutes at 26°. G-6-P was determined by TPN reduction with the specific 
dehydrogenase. The amounts of P; taken up in the experimental vessels, cor- 
rected for that taken up in the control without substrate, and similar corrected 
values for G-6-P accumulation are given in the last two columns. 
































Substrate DPN | consumed | Piuptake| FOR | AR. | sGor 
=, bY ‘microattoms| ux | pu? | pw | pee 
eee + 0.8 0.8 2.0 
Alcohol, 200 uM.......... te 2.3 2.3 3.4 +1.5 +1.4 
" | eee - 1.4 0.8 1.9 0.0 —0.1 
Acetaldehyde, 9 um...... + 0.2 0.8 1.8 0.0 —0.2 
G-6-P, 5.9 uM............ 4. 0.6 0.7 7.0 —0.1 +5.7 








* Micromoles. 


dehyde and G-6-P were metabolically inactive in this system, giving rise 
to neither oxygen nor P; uptake. The value for formation of G-6-P in 
the control vessel was greater than could be accounted for by P; disap- 
pearance, since ATP was added. In fact, the G-6-P found in the vessel 
is less than the sum of the P; taken up plus the ATP added. This is un- 
doubtedly due to ATPase in the crude extracts, the presence of which will 
be shown in Table IV. 

Measurements of phosphorylation by P; disappearance and by G-6-P 
accumulation are in good agreement, as can be seen from the last two 
columns of Table II. It can also be seen that there is almost complete 
recovery of the G-6-P added when the value is corrected for the phos- 
phorylation observed in the control vessel. 
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This experiment shows that phosphorylation observed during oxidation 
of alcohol cannot be explained on the basis of known substrate level phos- 
phorylating reactions, and, since G-6-P is not further metabolized, ac- 
cumulation of this ester can be used for measurement of phosphorylation 
in these experiments. G-6-P determinations by the a-glycerophosphate 
dehydrogenase method have also shown close agreement with P; disap- 
pearance. 


TasBie III 
Phosphorylation Coupied to Oxidation of DPNH 

Each vessel contained 1 cc. of crude extract, which had 1530 oxidase units and 
14.8 mg. of protein per cc., 0.5 cc. of glycylglycine buffer containing 12.5 um of P,, 
both at pH 7.2,7 X 10-* m magnesium chloride (final concentration), ATP or ADP in 
the amounts indicated, 100 um of glucose, and 24,000 units of hexokinase. No al- 
cohol dehydrogenase was added. The side arms of the control vessels contained 
3.75 um of DPN, while the experimental vessels had 4.0 um of DPN, of which 2.68 
um were in the reduced form. The center wells contained 0.2 cc. of 40 per cent 
potassium hydroxide. The total fluid volume was 3.0 cc. The contents of the side 
arms were tipped in after temperature equilibration, and the experiment was run 
for 15 minutes at 26°. G-6-P was determined with the a-glycerophosphate dehydro- 
genase test system. The difference in G-6-P observed in the control and experi- 
mental vessels is reported as A micromoles of G-6-P. 





Coenzyme | Phosphate carrier O2 consumed G-6-P accumulated | 4 G-6-P 
microatoms uu* uu* 

DPN ATP 1.6 um 1.1 1.9 | 

DPNH “16% | 3.5 2.4 | 0.5 

DPN | ADP 1.6 “ | 0.8 | 1.6 | 

DPNH | “ 1.6 “ | 3.2 | 2.8 1.2 

DPN - aoe 0.9 | 0.8 

DPNH | =, Se. 2.9 ) 0.3 





* Micromoles. 


In order to show that the phosphorylation was coupled to electron 
transport from reduced DPN to oxygen, experiments were carried out with 
isolated DPNH as substrate in place of alcohol, alcohol dehydrogenase, 
and DPN. An example of such an experiment is given in Table III. 

Table III shows that A. faecalis extracts are able to couple phosphoryla- 
tion to the electron transport between DPNH and oxygen. More phos- 
phorylation occurred when an equimolar amount of ADP was substituted 
for ATP as phosphate carrier, and a marked decrease took place when the 
ADP concentration was reduced. Still higher concentrations of ADP were 
not used because of the relatively large correction required owing to in- 
creased phosphorylation in the control vessel caused by myokinase. 

The concentration of inorganic phosphate in the reaction vessel also had 
an effect. on phosphorylation coupled to alcohol oxidation. An increase 
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from 12.5 to 25 um of phosphate caused a doubling in phosphate esterified, 
although this change was much less marked with DPNH as the substrate. 
The proportion of reduced to oxidized DPN also seemed important in 
phosphorylation, since, when DPNH was the substrate, the addition of 
alcohol and alcohol dehydrogenase doubled the phosphorylation observed 
with DPNH alone, and was almost 4 times that observed with alcohol, 
alcohol dehydrogenase, and the same amount of oxidized DPN. 2,4-Dini- 
trophenol, one of the classical inhibitors of oxidative phosphorylation in 
animal mitochondria (12), failed to inhibit phosphorylation during alcohol 
oxidation in sonic extracts of E. coli (1). Similarly a concentration of 
7 X 10-° m DNP failed to inhibit phosphorylation coupled to oxidation of 
2.5 um of DPNH in A. faecalis extracts. 


Fractionation of A. faecalis Extracts 


Crude extracts were precipitated between 0 and 40 per cent ammonium 
sulfate saturation and between 40 and 80 per cent. The extract used in 
this experiment contained per cc. 2400 oxidase units and 17.1 mg. of pro- 
tein. 18 cc. of extract were precipitated in the cold by adding 12 cc. of 
ammonium sulfate solution saturated at room temperature (pH 7.4 ad- 
justed with ammonium hydroxide). The precipitate was taken up in 0.01 
M potassium phosphate buffer (pH 7.4) and dialyzed against the same buffer 
in the cold for 1.5 hours. The ammonium sulfate saturation in the super- 
natant solution was raised to 80 per cent by the addition of 60 cc. of 
saturated solution, and the precipitate which formed was removed by 
centrifugation, dissolved in buffer, and dialyzed. The final volume of the 
low fraction was 3.0 cc. It contained per cc. 12,700 oxidase units and 23.9 
mg. of protein. The volume of the high fraction was 6 cc. and contained 
per cc. 660 oxidase units and 24.2 mg. of protein. ATPase activity was 
measured in glycylglycine buffer (pH 7.4) with 7 X 10-* m magnesium 
chloride (final concentration) by determining the amount of inorganic 
phosphate liberated from 8 um of ATP under the same conditions of tem- 
perature, time, and fluid volume as in the phosphorylation experiment. 
The results are shown in Table IV. 

It is obvious from Table IV that the fraction precipitated by 40 per cent 
saturated ammonium sulfate contains the phosphorylating system, and 
that additions of the fraction brought down by higher salt concentration 
caused inhibition of phosphorylation, although it stimulated oxygen con- 
sumption. The inhibition of phosphate esterification is explained by the 
high ATPase activity of this fraction, which competed with hexokinase 
for the ATP formed and thus decreased G-6-P formation. 

It was found that the DPNH oxidase became readily sedimentable after 
treatment with ammonium sulfate, and it could then be separated from the 
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rest of the phosphorylating system by centrifugation. The enzyme was 
first precipitated at 60 per cent ammonium sulfate saturation, and the 
precipitate was dissolved in water to the volume of the crude extract used 
and reprecipitated by adding ammonium sulfate solution to 35 per cent 
saturation. This last precipitate, after being suspended in 0.01 m phos- 
phate buffer at pH 7.4 and dialyzed against the same buffer, contained the 
complete phosphorylating system. The DPNH oxidase was then largely 


TaBLe IV 


Phosphorylation and ATPase Activity in Ammonium Sulfate-Precipitated 
Fractions of Crude A. faecalis Eztract 

Each vessel contained in addition to the amount of fraction indicated 1 cc. of 0.25 
m glycylglycine buffer containing 25 um of inorganic phosphate, both at pH 7.4, 
7 X 10°? m magnesium chloride (final concentration), 24,000 units of hexokinase, 
100 um of glucose, 1.6 um of ADP, and in the side arm 0.75 um of DPN. The center 
wells contained 0.2 cc. of 40 per cent potassium hydroxide. The control vessels 
contained no alcohol or alcohol dehydrogenase, while the experimental vessels had 
200 um of alcohol in the side arm and 39,000 units of alcohol dehydrogenase in the 
main compartment. Oxygen consumption and G-6-P accumulation are reported as 
the increase over the controls produced by alcohol and alcohol dehydrogenase ad- 
dition. G-6-P was determined with G-6-P dehydrogenase. The experiment was 
run 15 minutes at 26°. 











Fraction | A O: consumed a. aa ty oer hl 
yt an | microctoms =| uwtti|ae 
Crude 3.7 
0-40%, 0.2 ce. | 4.7 2.2 2.5 
40-80%, 0.6 1.7 0.2 4.8 
0-40%, 0.2 “ 
80% 03 « 6.7 1 4.9 
oun “re i 7.1 1.2 7.3 
0, - 


* Micromoles. 





centrifuged out of suspension in 1 hour at 25,000 X g. The supernatant 
solution from this centrifugation stimulated phosphorylation coupled to 
alcohol oxidation when added to the oxidase, but the separation of the 
oxidative and phosphorylating systems was not complete. 

A more complete separation of the two components eould be achieved 
by resuspending the particulate oxidase in cold 0.01 m phosphate buffer 
and recovering it by another high speed centrifugation. At the same time 
the supernatant solution was recentrifuged at high speed to free it of as 
much oxidase as possible. If small volumes of buffers were used to wash 
the oxidase, it was possible to get it relatively free of phosphorylating 
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activity and to show partial restoration with additions of twice centrifuged 
supernatant solution. If a large quantity of buffer was used in washing, 
it was possible to obtain almost complete removal of phosphorylating 
activity from the oxidase, but additions of supernatant solution then failed 
to restore it. The activity could be restored, however, by additions of 
the supernatant solution plus a boiled crude extract of A. faecalis. The 


TABLE V 


Dependence of Phosphorylation Coupled to Alcohol Oxidation on Three 
Components Derived from Crude Extract 


Each vessel contained in addition to the fractions indicated 0.5 cc. of 0.25 m 
glycylglycine buffer, 30 um of inorganic phosphate, both at pH 7.4, 7 X 107? m mag- 
nesium chloride (final concentration), 1.6 um of ADP, 100 um of glucose, 39,000 units 
of hexokinase, and in the side arm 0.75 um of DPN. The center wells contained 0.2 
ec. of 40 per cent potassium hydroxide. For each experimental vessel which con- 
tained 27,000 units of alcohol dehydrogenase in the main compartment and 200 um 
of alcohol in the side arm, there was a control vessel in which these were omitted. 
The contents of the side arms were tipped in after temperature equilibration, and 
the experiment was run for 15 minutes at 26°. G-6-P was determined with G-6-P 
dehydrogenase. Oxygen consumption and phosphorylation are reported as the 
increments caused by the addition of alcohol and alcohol dehydrogenase. 











Vessel No. | Oxidase ee | Boiled extract 4 O:2 consumed Pe a 
"ees eS ce. a. ce. | os. oe ‘talvwatons oat 7 
1 0.2 0.6 0.2 
2 0.2 0.5 2.9 0.2 
3 0.2 0.5 i 0.1 
4 0.2 0.5 0.5 3.0 1.0 


* Phosphorylation in the vessels without alcohol and alcohol dehydrogenase was 
lower with the purified fractions than with the crude extracts. In control Vessel 
1, the G-6-P value was 0.1 um; in Vessel 2, 0.5 um; in Vessel 3, 0.6 um; and in Vessel 
4, 0.7 uo. 

+ Micromoles. 


protocol of a typical experiment showing dependence on additions of both 
supernatant solution and boiled extract to the oxidase is given below. 

A 25 ce. portion of crude extract, containing 2170 oxidase units and 12.6 
mg. of protein per cc., was thawed after being stored for 3 days in the deep 
freeze. It was kept at 0° during the following manipulations, except when 
it was warmed by the addition of ammonium sulfate solution. Saturated 
ammonium sulfate solution (pH 7.4) was added to 60 per cent saturation. 
The precipitate which formed was centrifuged at 25,000 < g for 20 minutes 
and taken up in distilled water to a volume of 25 cc. Ammonium sulfate 
solution was again added to 35 per cent saturation, and the precipitate 
was centrifuged and taken up in 5 ce. of 0.01 m phosphate buffer, pH 7.4, 
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and dialyzed with stirring 3 times against 600 cc. volumes of the same buffer 
for 3 hours. The material remaining within the bag was then centrifuged 
for 1 hour at 25,000 X g. The supernatant solution was saved and recen- 
trifuged for an hour at the same speed and decanted. This fraction is 
referred to as the supernatant solution. Meanwhile the precipitate from 
the first centrifugation after dialysis was resuspended in 20 cc. of buffer 
and recovered by recentrifugation for 1 hour. It came down as an almost 
clear red pellet. It was taken up in 2.2 cc. of buffer. This suspension is 
referred to as oxidase and contained 9650 oxidase units and 3.3 mg. of 
protein per cc. The supernatant solution contained 500 oxidase units and 
6.4 mg. of protein in each cc. The boiled extract was prepared by incubat- 
ing an aliquot of the same crude extract in a boiling water bath for 6 minutes 
and centrifuging at high speed to remove the precipitated protein. The 
results of an experiment with these fractions are shown in Table V. 

It can be seen from Table V that phosphorylation is dependent on the 
addition of both the supernatant solution and boiled extract to the purified 
DPNH oxidase. It is also worthy of note that the supernatant solution 
caused a marked stimulation of oxygen consumption when added to the 
oxidase, although its own DPNH oxidase activity, as measured by DPNH 
disappearance, is disproportionately low. 

The boiled extract component is either a compound of large molecular 
weight or is firmly bound to one, since it remained within the dialysis bag 
for 48 hours when dialyzed against distilled water in the cold. The ma- 
terial passing out of the sac and subsequently concentrated by lyophiliza- 
tion had no activity. 

Although crude extracts withstand freezing without appreciable loss of 
activity, partially purified preparations do not. 


DISCUSSION 


It seems clear from these experiments that an enzyme system has been 
found in cell-free extracts of A. faecalis which couples phosphorylation to 
electron transport from reduced DPN to oxygen, and that the crude ex- 
tracts can be separated into three components, all of which are necessary 
for the reaction. It seems probable that in fractionating the extracts a 
fourth component is partially destroyed and becomes limiting in the reac- 
tion, because in experiments with the fractionated system less phosphoryla- 
tion is observed than with crude systems, in spite of the fact that the same 
amount of DPNH oxidase is used and the supernatant solution and boiled 
extract are added in excess. 

The experiments previously reported (1, 2), demonstrating phosphoryla- 
tion associated with alcohol oxidation in Z. coli extracts, are quite similar 
to those reported here, except that in the former substrate phosphoryla- 
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tions had to be excluded with inhibitors. Now it has been clearly shown 
that the phosphorylation takes place during electron transport in the 
A. faecalis extracts, and the similarities between the two systems suggest 
that the phosphorylation observed during alcohol oxidation in the EF. coli 
extracts was also coupled to electron transport. It is apparent that DNP 
at low concentration (7 X 10-5 m) cannot be considered an inhibitor of 
electron transport phosphorylation in all systems. 

The ratios of phosphate esterified to oxygen consumed have not been 
given in this report, because it was felt that they would have little signifi- 
cance in the presence of ATPase activity and in experiments in which the 
conditions were probably suboptimal for maximal phosphorylation. 


SUMMARY 


1. Phosphorylation coupled to electron transport from reduced DPN 
has been demonstrated in cell-free extracts of Alcaligenes faecalis. 

2. This phosphorylation is not inhibited by 2,4-dinitrophenol at con- 
centrations used to inhibit phosphorylation in animal mitochondria. 

3. Crude extracts have been separated into three components, all of 
which are required for coupled phosphorylation. 


The very great contributions of Dr. E. Racker to this work are gladly 
and gratefully acknowledged. The work would not have been completed 
without his. help. 
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THE HYDROLYSIS OF AMYLOTRIOSE AND AMYLOTETRAOSE 
BY SALIVARY AMYLASE* 


By JOHN H. PAZUR 


(From the Department of Agricultural Chemistry, University of Nebraska, Lincoln, 
Nebraska) 


(Received for publication, March 23, 1953) 


According to Meyer and his associates (1, 2) the terminal a-1 ,4-gluco- 
sidic bonds of starch and its degradation products are hydrolyzed at a very 
slow rate by enzymes of the a-amylase class. Pazur et al. (3) attributed 
the appearance of glucose in the latter phases of hydrolysis of amylose by 
salivary amylase to enzymatic cleavage of terminal glucosidic bonds. In 
recent studies, Roberts and Whelan (4) could not identify glucose in digests 
of salivary amylase with several amylo-oligosaccharides and concluded 
that the enzyme was without action on terminal glucosidic bonds. 

In our laboratory, amylotriose (maltotriose) and amylotetraose (malto- 
tetraose) were prepared, in pure form, from amylodextrin. The amylo- 
triose and amylotetraose were subjected to the action of salivary amylase 
under identical conditions of pH, temperature, and concentration of enzyme 
and substrate. The hydrolytic products from these compounds were de- 
termined quantitatively, and relative rate constants were calculated for 
the hydrolysis of the a-1,4-glucosidic bonds. A preliminary account of 
our results has been published (5). 

Materials 

Enzyme—Human saliva was the source of salivary amylase. Since it 
is established that a single amylase is present in human saliva (6), purifica- 
tion of the material was not necessary. Maltase activity was not detect- 
able in the saliva under the conditions of our experiment (Table I and 
Fig. 1). A solution of saliva was prepared by diluting 1 ml. of filtered 
saliva with 4 ml. of 0.07 m phosphate buffer of pH 6.8. 1 ml. of the solu- 
tion contained 4 units (7) of amylase activity. Aliquots of this solution 
were used in all of the rate experiments. A sample of the saliva was 
assayed periodically during the experimental period and found to retain 
100 per cent of its amylase activity.’ 

Amylodeztrin—Crystalline amylodextrin was prepared from starch by 

* Published with the approval of the Director as Paper No. 608, Journal Series, 
Nebraska Agricultural Experiment Station. 


1 We are grateful to Mrs. R. Baumanis of this department for assaying the en- 
zyme solutions. 
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hydrolysis in cold sulfuric acid according to a previously published pro- 
cedure (3). The specific rotation of the amylodextrin is +190° (c 1.2, 
water). The average molecular weight of the sample calculated from its 
reducing power (8) is 3600. 

Amylotriose—6 gm. of amylodextrin in 200 ml. of water were mixed with 
2 ml. of filtered saliva. Enzymolysis for 6 hours converted the amylo- 
dextrin to maltose and amylotriose. At this point, the digest was heated 
to inactivate the enzyme, then cooled to room temperature, and mixed 
with 10 ml. of a suspension (6 per cent) of bakers’ yeast.? After a fer- 
mentation period of 72 hours, qualitative paper chromatograms showed 
that amylotriose was the only reducing compound in the mixture. The 
solution of amylotriose was stirred for 2 hours with 40 gm. of Darco G-60- 
activated carbon* and 20 gm. of Super-Cel* (9). The suspension was 
filtered with suction; the residue was washed several times with 50 ml. 
portions of water. The amylotriose was preferentially eluted from the 
carbon with 600 ml. of ethanol-water solution (15 per cent ethanol by vol- 
ume), taken to a syrup under vacuum pressure, and precipitated with 
acetone. The product was collected on a filter, washed with n-butanol, 
and dried to coristant weight. The yield was 0.7 gm. The specific ro- 
tation of the compound is +157° (c 1, water); the values reported are 
+160° (10) and +158° (11). The molecular weight of the amylotriose 
calculated from its reducing power (8) is 494; actual molecular weight, 
504. The chromatographic mobility of the compound on paper corre- 
sponds to that of the trisaccharide (11) prepared from amyloheptaose. 

Amylotetraose—6 gm. of amylodextrin dissolved in 200 ml. of water 
were digested with 2 ml. of filtered saliva for } hour. In this time the 
amylodextrin was converted to maltose, amylotriose, and amylotetraose. 
The salivary amylase was inactivated by heat. 10 ml. of a yeast suspension 
(6 per cent)? were added, and fermentation was allowed to proceed at 
room temperature for 72 hours. The digest was filtered and concentrated 
in vacuo to a volume of 50 ml. The amylotriose and amylotetraose in 
this concentrate were separated by paper chromatographic procedures (12). 
0.6 gm. of amylotetraose was obtained from the digest. A paper chro- 
matogram (Fig. 1) of the isolated compound showed one distinct spot 
corresponding to the fourth member (the tetrasaccharide) of the series 
of oligosaccharides from amylose. The specific rotation of the amylo- 
tetraose equals +167° (c 1, water) and agrees with a value of +168° 
calculated from Freudenberg’s equation (13) with customary constants 


2 Fleischmann’s yeast, Standard Brands, Inc., New York. 
3 A product of the Darco Corporation, New York. 
4A product of Johns-Manville, New York. 
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(14). The molecular weight determined for our product from its reducing 
power (8) is 650; actual molecular weight, 666. 

Other Materials—Pure maltose was prepared from starch by the pro- 
cedure of Pazur and French (12). The other chemicals used were standard 
laboratory reagent grades. 


Methods and Results 


Separation of Amylo-oligosaccharides—Mixtures of glucose, maltose, 
amylotriose, and amylotetraose were separated by chromatography on pa- 
per (Eaton and Dikeman paper, No. 613). 0.1 ml. of the solution to be 
analyzed was placed in a continuous and uniform streak along one edge 
of a rectangle of filter paper (20 em. X 22 cm.). The paper was stapled 
to form a cylinder and placed in a solvent system of n-butanol-pyridine- 
water (6:4:3 by volume). The multiple ascent technique was used to 
separate the oligosaccharides (12). Two strips (1 em. wide) from the 
developed chromatogram were sprayed for reducing sugars and used for 
sectioning the unsprayed portions of the chromatograms. The reducing 
sugars from these portions were extracted with water into 10 ml. volu- 
metric flasks. 

Quantitative Determination of Amylo-oligosaccharides*—The diphenylam- 
ine color reagent (100 ml. of concentrated hydrochloric acid, 80 ml. of 
glacial acetic acid, and 20 ml. of a 10 per cent solution of diphenylamine 
in 95 per cent ethanol (17)) was used for the quantitative determination 
of glucose and other members of the amylose series. Under the conditions 
employed, this reagent gives the same color intensity for equivalent weights 
of amylo-oligosaccharides regardless of molecular size. 

1 ml. of the solution to be analyzed and 4 ml. of diphenylamine color 
reagent were placed in a Folin-Wu sugar tube and heated in a boiling water 
bath for 30 minutes. At the end of this time the reaction mixture was 
cooled rapidly and diluted to 25 ml. with methanol. The per cent trans- 
mission of the resulting blue solution was determined in a spectrophotom- 
eter at 640 my against a blank of 1 ml. of water and 4 ml. of the reagent. 
A calibration curve for a standard solution of glucose was used to calculate 


5 A specific rotation of +180° has been reported by Bailey et al. (15) for a carbo- 
hydrate fraction isolated from an acid hydrolysate of amylose and considered to be 
pure amylotetraose (maltotetraose). Our calculated and measured rotations and 
the observed rotation of +179.6° for pure amyloheptaose (16) would suggest the 
presence of a contaminant of high dextrorotation in the amylotetraose of Bailey et al. 

6 The method, described here, was developed by M. L. Levine and the author, 
some years ago, in the laboratory of Professor Dexter French, Iowa State College, 
Ames, Iowa. The method has been mentioned in the literature (16), but has not been 
described adequately. 
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the concentration of carbohydrate in the aliquots. 


Recovery values for 


2, 5, and 10 mg. samples of glucose, maltose, and amylotriose, chromato- 

graphed individually and in mixtures, ranged from 94 to 103 per cent. 
Amylotriose Digest—72.6 mg. of amylotriose dissolved in 1 ml. of 0.07 

M phosphate buffer of pH 6.8 were mixed with 0.2 ml. of the buffered sa- 
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Fic. 1. Paper chromatogram of digests of amylotetraose (A); amylotriose (B), 
and maltose (C) with salivary amylase at several stages of enzymolysis. G,, glucose; 
G2, maltose; G;, amylotriose; G;, amylotetraose; R, reference amylo-oligosaccharides. 
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Quantitative Composition of Digests of Salivary Amylase with 


Amylotetraose, 
Time Amylotetraose 
ie. ¥ mM ; 
0 0.120 
0.25 | 0.088 
0.5 0.074 
1.0 0.055 
0 
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0 
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mM 


0.0065 
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Maltose 


mM 
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Glucose 


mM 


0.0061 
0.0089 
0.0130 
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liva. The mixture was shaken with toluene and maintained at 25°. Fig. 
1 shows the compounds present in the digest after intervals of 0, 24, and 
72 hours. The concentrations of these compounds were determined at 
12, 24, and 48 hour periods in the following manner. 0.1 ml. of the digest 
was placed on the chromatogram and heated immediately for 5 minutes 
in an oven at 100°. The compounds in the aliquots were separated and 
determined quantitatively by the methods outlined in the preceding sec- 
tions. The values which were obtained are presented in Table I. 

Amylotetraose Digest—96 mg. of amylotetraose in 1 ml. of 0.07 m phos- 
phate buffer of pH 6.8 were treated with 0.2 ml. of saliva. As above, the 
solution was shaken with toluene and maintained at 25°. Qualitative and 
quantitative determinations were performed for reducing sugars in the 
digest at 0, 0.25, 0.5, 1, and 3 hours. The results are shown in Fig. 1 and 
Table I. 

Maltose Digest—49.2 mg. of maltose in 1 ml. of 0.07 m phosphate buffer 
of pH 6.8 were mixed with 0.2 ml. of saliva. A few drops of toluene were 
added, and enzyme action was allowed to proceed at 25°. The composi- 
tion of the digest was determined after reaction times of 0, 12, 24, 48, and 
200 hours (Fig. 1 and Table I). 


DISCUSSION 


The results in Fig. 1 and Table I show that amylotriose is slowly hy- 
drolyzed by salivary amylase to yield glucose and maltose in equal molar 
concentrations and that amylotetraose is hydrolyzed predominantly to 
maltose and to a slight extent to glucose and amylotriose. Since the 
enzyme solution does not hydrolyze maltose under the conditions of the 
experiment, the production of glucose in these reactions cannot be attri- 
buted to maltase activity. These findings show that salivary amylase 
possesses the ability to hydrolyze terminal glucosidic bonds of amylo- 
oligosaccharides. The slow rate of action of the enzyme on terminal 
bonds (see Table I) may account for the results reported by Roberts and 
Whelan (4), particularly if low concentrations of enzyme or short digestion 
periods were employed. 

The reaction route for the hydrolysis of the amylotriose by salivary 
amylase is shown in Equation 1. 

G:> G: + G; (1) 
The G represents a glucose residue and the subscript the number of glu- 
cose residues linked by a-1 ,4-glucosidic bonds. 

The initial hydrolysis of amylotetraose by salivary amylase proceeds 
by two reaction routes shown in Equations 2 and 3. 


Gy — 2G, (2) 
G,— Gs + G; (3) 
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The amylotriose produced by the route of Equation 3 is further hydrolyzed 


according to Equation 1. 


For comparative purposes, relative first. order constants have been cal- , 
culated for these reactions. From the values in Table I and appropriate © 
equations, the constants were found to be 0.013 per hour for the hydrolysis | 


of a terminal bond of amylotriose (Equation 1), 0.82 per hour for the cen- 


tral bond of amylotetraose (Equation 2), and 0.18 per hour for a terminal | 


bond of amylotetraose (Equation 3). A comparison of these values shows 
the relative susceptibility of the glucosidic bonds of amylotriose and 
amylotetraose to hydrolysis by salivary amylase. 


SUMMARY 


1. Salivary amylase cleaves terminal a-1,4-glucosidic bonds in amylo- 
triose and amylotetraose, yielding glucose and maltose from the former 
and glucose and amylotriose from the latter. 

2. The central glucosidic bond of amylotetraose is hydrolyzed at a 
faster rate than is the terminal glucosidic bond in this tetrasaccharide 
or in the trisaccharide. 

3. Procedures for the preparation of amylotriose (maltotriose) and of 
amylotetraose (maltotetraose) are described. 
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THE INFLUENCE OF SODIUM, POTASSIUM, AND LITHIUM 
ON FATTY ACID METABOLISM* 


By R. P. GEYER, MARY F. MEADOWS, LINDA D. MARSHALL, ano 
MARY S. GONGAWARE 


(From the Department of Nutrition, Harvard School of Public Health, Boston, 
Massachusetts) 


(Received for publication, April 25, 1953) 


A high acetoacetate-respired CO, ratio characterizes the metabolism of 
the even numbered short chain radio fatty acids by liver slices, whereas a 
low ratio is characteristic of those of an odd number (1-3). Both kinds of 
acids give low ratios when incubated with kidney slices (3). In studies on 
the effect of pyruvate on the oxidation of fatty acids (4), it was found that 
the electrolyte composition of the incubation medium had a significant 
influence on these results and also on the metabolism of the fatty acids 
themselves. A number of reports, such as those of Mudge (5), Aebi (6), 
Buchanan et al. (7), and Kachmar and Boyer (8), have dealt with potas- 
sium in relation to various tissues and to enzymatic processes. The present 
paper deals with the effects of sodium, potassium, and lithium on the 
metabolism of short chain fatty acids by rat liver and kidney slices. 


EXPERIMENTAL 


Materials and procedures used in these experiments have been described 
(3, 4). Male rats of the Wistar strain,! weighing approximately 150 gm.., 
were maintained on a commercial stock ration? and water. They were 
sacrificed by a blow on the head, the tissues were placed in iced buffer 
solution consisting of 9 parts of NaCl and 1 part of sodium phosphate-HCl 
buffer (9), and the slices were placed in aliquots of the incubation medium. 
Isotonic KCl and LiCl solutions were substituted for the NaCl solution to 
give phosphate-buffered incubation mnedia which contained 0, 15, or 77 
m.eq. of K or Li per liter. Either pentanoic acid-1-C™ or octanoic acid- 
1-C™ was used as the substrate. Approximately 40 mg., dry weight, of 
tissue and 10 ml. of incubation medium were used per flask. At the end of 
1 hour incubation at 38° in 100 per cent Oo, C“O2 and CH;COCH,C“OOH 


* Supported in part by grants-in-aid from the National Cancer Institute, National 
Institutes of Health, United States Public Health Service, the American Cancer 
Society through an Institutional Grant to Harvard University, and the Nutrition 
Foundation, Ine. 

1 Obtained from the Charles River Breeding Laboratories, Brookline, Massa- 
chusetts. 

2 Purina laboratory chow, Ralston Purina Company, St. Louis, Missouri. 
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were determined,* and calculations were based on the total counts per 
minute per gm. of dry tissue. For ease of comparison, the results are 


given in Tables I and II in terms of ratios. 
RESULTS AND DISCUSSION 


With kidney slices (Table I) either 15 or 77 m.eq. of potassium caused 
an increase in both the CO, and radioacetoacetate fractions, but the 



























































TaBLe | 
Effect of . Potassium and I Lithium on Short Chain r Fatty Acid Metabolism 
Radio- |Substrat | saail 
Series acid concen- | K ep Poe ANTON 
(1-C™%) | tration | Respired | Aceseccstet (a) + (b) 
| | (a) () | () 
Kidney slices 
imu pert.| eg | meg | | | 
A Cs | 0.2 15 8 (1.18 + 0.2341. 78 + 0. 49f/1. 26 + 0.26} 
B $ | 0.2 77 | 15 |1.13 + 0.21$/1.68 + 0.50+,1.18 + 0.19} 
C - 0.2 Potted oe 1.07 + 0.11 0.88 + 0.12 11.05 + 0.09 
Liver slices 
D Cs 1 15 | 15 (1.48 + 0.257/3.19 + 1.434'2.12 + 0.87 
E - 0.2 77 7 (1.02 + 0.26 |3.69 + 1.317|2.17 + 0.73+ 
F a 1 77 | 15 (0.97 + 0.28 |4.25 + 1.75f/4.52 + 1.75t 
G “ 0.2 77 | 6 0.68 + 0. 19/4. .71 + 0. 66f/2.40 + 0.25f 
H ” 1 77 12 (0.69 + 0. 16f/5. .83 + 2.54F/2.19 + 0.49 
I Gia 77 | 5 3.46 + 1.01f/4.30 + 2.2938.65 + 1.343 





* Ratio + stondend deviation from the mean. The d@iferenee between a ratio a 
1.00 and the observed ratio was subjected to a ¢ test of significance, and those which 
exceeded the critical value at a 1 or 5 per cent probability level are designated as f¢ 
or t respectively (10, 11). The ratio was calculated as follows: 
value obtained with added K* or Lit 


Ratio = 
; value obtained with medium free of K* and Lit 





change in the total of the two fractions was small, especially in comparison 
with the results obtained with liver slices. The ratio of radioacetoacetate 
to C“O, increased when the potassium concentration was raised (Groups 2 
and 6, Table IT) and also when the substrate concentration was raised from 


0.2 to 1.0 mm per liter (Groups 4 and 6, Table IT). Lithium had no sig- 
nificant effect. 


3 Although also labeled in the carbonyl group, only the carboxyl carbon of aceto- 
acetate was assayed routinely. 
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As shown by the data in Table II, the CH;COCH:C“OOH: C0; ratio 


from octanoate was much lower when an all-sodium medium was used with 


TaBLeE II 


Effect of Sodium, Potassium, and Lithium on CH;COCH;,C“OOH:C0, Ratio 
Derived from Fatty Acids 





| Comparison with other 





- -4| Substrate | groupst 
Group  Radioacid | & i No. of CH:sCOCH:C“OOH 
No. | (1-C¥) | ne 7 ui rats | C402 gs LLL? 
| 


P< 005| P < 0.01 
| 
Kidney slices 


ma per |. |m.eq. per l. m.eq. per l. 








1 Cc, | 0.2 | 20 | 0.11 40.05 | | 4 
ee te <a | 7 | 0.09 + 0.08 | 3,6 | 
ts) ¢ ) ae. | 8 | 0.19 + 0.09 | SAA 
1.2 02 | 7 16 | 0.17 + 0.05 | 1,5, 6,7 
Die | 05 | 7 7 (0.28 +0.11 | 4 
si * 1.0 77 11 | 0.32 40.21 |) 2 | 4 
ae | 0.2 | 77 9 | 0.10 + 0.04 | 4 

Liver slices 
8 Cs 0.2 | | 8 | 1.27 + 0.65 | 12, 16 
9 ” 1.0 | 10 | 0.83 + 0.28 | 14 
wt} « | 1.0 | | 9 | 0.60 + 0.26 | 15 
ll ogee | | 15 | 1.85 + 0.70 | 12, 16 
ee 7 | | 8 | 3.03 40.79 | 16 | 8,11 
eo, 0.5 ia 6 | 3.15 + 1.01 | 17 
m4 .f 1.0 77 31 | 3.50 + 1.29 9, 19 
bt} “ 1.0 7 | 5 | 4.23 + 1.49 10 
eee 0.2 77 12 | 4.2004 1.31 | 12 11, 17,8 
wv} * 0.5 77 4 | 8.81 + 3.11 13, 16 
18 | Cs 1.0 7 | 0.61 + 0.25 | 19 
pi 1.0 77 25 | 1.00 + 0.35 | 18 9 

















* Ratio + standard deviation from the mean. 

+ Although all pertinent comparisons between the ratios of the various groups 
were made, only those which showed significant differences at the 1 or 5 per cent 
probability level are listed (10, 11). The figures in the columns refer to group 
number. 

t Animals fasted 24 hours prior to the experiment. 





liver slices (Groups 8, 9, and 10) than when potassium or lithium was 
present. It is interesting that the ratio was higher with a substrate con- 
centration of 0.2 mm per liter than with 1 mm per liter. When the all- 
sodium buffer medium was used, the ratio approximated that obtained 
with radiopentanoate (Groups 18 and 19, Table II). The effect of potas- 
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sium on pentanoic acid metabolism was to increase both CO, and radio- 
acetoacetate. The ratio between the two fractions increased significantly, 
but the magnitude of the change was not as great as was found with the 
octanoate. 

The results emphasize the importance of the composition of the incuba- 
tion medium in studies on fatty acid metabolism, especially those involving 
liver slices. The importance of the medium in the case of this tissue was 
further shown by the finding that the influence of pyruvate on radiooctan- 
oate metabolism was evident only when high potassium or lithium fluids 
were used (4). 

The effect of potassium on fatty acid metabolism in liver is probably 
a response to a higher intracellular K+ concentration (12) which directly 
or indirectly influences the metabolism of added fatty acids. It is clear 
from the results, however, that more is involved than a simple quantitative 
effect, for the pattern of the relative distribution of radiocarbon in the 
metabolic products has been altered. This was also true when Lit was 
used, though its depressing effect on CO, formation differs from the action 
of K+. A pattern similar to that obtained with Lit has been reported 
with malonate-blocked liver slices (13). Additional studies‘ are now being 
conducted to investigate the action of K+ and Lit further. 


SUMMARY 


The metabolism of octanoic acid-1-C" by rat liver and kidney slices was 
studied with the use of incubation media in which potassium or lithium 
was varied at the expense of sodium. Both K and Li greatly increased 
the metabolism of octanoate by liver slices, and this increase was reflected 
predominately in the radioacetoacetate. The CH;COCH»C“OOH:C"O, 
ratio was below 1 when an all-sodium buffer system was used and above 3 
when K or Li was present. Lithium decreased CO, production by liver. 
Octanoate and pentanoate gave similar CH;COCH2C“OOH:C"O, ratios 
when an all-sodium medium was used. Potassium caused an increase in 
both CO, and radioacetoacetate from pentanoate. Potassium but not 
lithium caused an increase in octanoate metabolism by kidney. 
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4 In addition to fatty acids, various other radiosubstrates are being used in this 
laboratory in studies similar to the ones reported here. While many of these sub- 
strates are metabolized to a greater extent by liver when the K* concentration is 
raised, several are not so affected, and Lit has given variable results compared with 
K*. These results will be published in a subsequent report. 





a 


10. 


il. 


13. 


NOP 











GEYER, MEADOWS, MARSHALL, AND GONGAWARE 


. Geyer, R. P., and Cunningham, M., J. Biol. Chem., 184, 641 (1950). 

. Geyer, R. P., Bowie, E. J., and Bates, J. C., J. Biol. Chem., 208, 625 (1953). 

. Mudge, G. H., Am. J. Physiol., 165, 113 (1951). 

. Aebi, H., Helv. physiol. et pharmacol. acta, 8, 525 (1950). 

. Buchanan, J. M., Hastings, A. B., and Nesbett, F. B., J. Biol. Chem., 180, 435 
(1949). 

. Kachmar, J. F., and Boyer, P. D., J. Biol. Chem., 200, 669 (1953). 

. Umbreit, W. W., Burris, R. H., and Stauffer, J. F., Manometric techniques and 
related methods for the study of tissue metabolism, Minneapolis (1945). 

. Fisher, R. A., and Yates, F., Statistical tables for biological, agricultural and 
medical research, London (1938). 

. Youden, W. J., Statistical methods for chemists, New York (1951). 

. Flink, E. B., Hastings, A. B., and Lowry, J. K., Am. J. Physiol., 163, 598 (1950). 
. Geyer, R. P., Cunningham, M., and Pendergast, J., J. Biol. Chem., 188, 185 (1951). 











IS¢ 


con 
sta 
son 
pos 
pro 


met 
pou 
che 
des 
syn 


the 
teti 
the 
to § 
the 
tha 








ISOLATION OF URINARY STEROIDS AFTER CORTISONE AND 
ADRENOCORTICOTROPIC HORMONE* 


By SEYMOUR LIEBERMAN,} E. R. KATZENELLENBOGEN,t 
R. SCHNEIDER,§ P. E. STUDER,|| anv 
KONRAD DOBRINERY 


(From the Sloan-Kettering Institute for Cancer Research, New York, New York) 
(Received for publication, May 20, 1953) 


In the course of a systematic investigation of the urinary steroids, five 
compounds derived from the adrenal cortex were isolated. These sub- 
stances were obtained from urine after the administration of either corti- 
sone acetate or adrenocorticotropic hormone (ACTH) for therapeutic pur- 
poses. Two of the compounds, cortisone and hydrocortisone, are very 
probably hormones; that is, direct products of glandular activity unaltered 
by the tissues before excretion. The other three compounds obtained are 
metabolites of either or both of these hormones. Only one of the com- 
pounds (“tetrahydro F’’) was unknown at the time of its isolation; the 
chemical evidence leading to the assignment of the correct structure is 
described in this report. This substance has since been obtained by partial 
syntheses (1). 

The amount of these products obtained was small in comparison with 
the amount of hormone administered. The largest quantity, 10 mg. of 
tetrahydro F, was obtained after the administration of ACTH. In general, 
the amount of the hormones themselves was very small, ranging from 10 
to 50 y per day. These are, however, very probably minimal figures, since 
the purpose of the investigation was the isolation of pure compounds rather 
than strict determination of the amount present. 


EXPERIMENTAL 


Sources of Urine and Method of Fractionation—F our different lots of urine 
were used in this study. The “cortisone pool’ (I) was made from urine 


* The authors gratefully acknowledge the assistance of grants from the American 
Cancer Society (on recommendation of the Committee on Growth of the National 
Research Council), the Commonwealth Fund, the Anna Fuller Fund, the Lillia 
Babbitt Hyde Foundation, and the National Cancer Institute of the National Insti- 
tutes of Health, United States Public Health Service. 

t Present address, Departments of Biochemistry and of Obstetrics and Gynecol- 
ogy, College of Physicians and Surgeons, Columbia University, New York. 

t Present address, 3938 Normandie Avenue, Los Angeles 37, California. 

§ Present address, 1618 East 84th Place, Chicago 17, Illinois. 

|| Present address, Research Laboratory, American Celanese Company, Summit, 
New Jersey. 

{ Deceased March 10, 1952. 
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of four patients with leucemia and one patient with cancer of the breast 
who received by intramuscular injection 100 mg. per day of cortisone 
acetate for about half of the total test period and 200 mg. per day for the 
remainder of the time. The pooled urine was equivalent to a 102 day 
collection, and during this time 15 gm. of the hormone had been adminis- 
tered. Three urine collections were obtained from patients treated with 
ACTH: (IIa) a 27 day collection from a patient with metastatic anaplastic 
carcinoma who received 100 mg. of ACTH daily in four divided doses; 
(IIb) a 9 day collection, from the 10th to the 18th day of treatment, from 
a patient with cancer of the prostate who received 100 mg. of ACTH per 
day in four divided doses for 18 days; (IIc) a 7 day collection, from the 
18th to the 24th day of treatment, from a patient with lymphatic leucemia 


ScHEME 1 
Stage A. Neutral ether-soluble extract obtained from urine acidified with sulfuric 
acid to pH 1 and extracted continuously with ether for 48 to 72 hours; ether 
extract washed with saturated aqueous sodium bicarbonate, with 5 per cent 
sodium hydroxide solution, and with small portions of water until the washings 
were neutral 
Stage B. Ketonic fraction obtained from Stage A with the aid of Girard’s Reagent T 
Stage C. Benzene-water partition of material from Stage B 
C, = water-soluble products 
C;, = benzene-soluble products 
Stage D. a-Ketosteroids obtained from the digitonin-non-precipitable material from 
Stage C 
D, = a-ketosteroids from C,; 
D2 = a-ketosteroids from C2 
Stage E. Chromatogram of D, on magnesium silicate after acetylation 
Stage F. Chromatogram of Dz; on magnesium silicate prior to acetylation 


who received 100 mg. of ACTH daily for 6 days, 200 mg. of ACTH daily 
for 12 days, and finally 150 mg. of ACTH daily for 6 days in three divided 
doses. 

The fractionation scheme is outlined in Scheme 1. The experimental 
details of the procedures have been published (2), but a few modifications 
deserve mention. The urine was not heated at Stage A; at Stage C the 
procedure of Mason (3) was used; at Stage E the ratio of adsorbent to 
charge was 100:1 on a weight basis; acetylations were performed at room 
temperature with acetic anhydride and pyridine, and the reagents were 
removed in a stream of nitrogen with gentle warming. For collections IIb 
and IIc the sequence of Stages B and C was reversed and Stage D was 
omitted for the water extracts obtained from these urines. 

8a-A cetoxy-17a-hydroxypregnane-11, 20-dione—This compound was iso- 
lated as its acetate from IIc and was identified by its infra-red spectrum. 
It was further purified by chromatography on aluminum oxide and crystal- 
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lization from acetone-ligroin (1:4); 2.5 mg. of crystals, m.p. 194-195°, were 
obtained. The mixed melting point with an authentic sample (m.p. 192°, 
194-203°), kindly supplied to us by Dr. T. F. Gallagher, was not depressed 
and the infra-red spectra of the urinary and synthetic materials were 
identical. The compound was not found in I, Ila, and IIb, but it has 
since been noted in the urine of one patient treated with cortisone. 

8a ,21-Diacetory-118 ,17a-dihydroxypregnane-20-one (“Tetrahydro F” Di- 
acetate)—F rom I, Ila, and IIc at Stage E from magnesium silicate columns 
before and from silica gel columns after “‘tetrahydro E”’ diacetate, a new 
compound was eluted as judged from the infra-red spectrum. The band 
at 1703 to 1705 cm.—', indicative of an 11-ketone group, was diminished in 
intensity compared with the two other bands at 1745 to 1750 cm. and 
1719 to 1723 em.—', characteristic of the 21-acetoxy 20-ketone structure, 
together with the superimposed band at 1719 to 1723 cm.—', characteristic 
of the 3-acetoxy group. Strong bands in the 3600 cm.—' region showed 
the presence of one or more hydroxyl groups. It was assumed that the 
new material contained an 11-hydroxyl group in place of the 11-ketone 
group and that, therefore, the compound was “‘tetrahydro F’’ diacetate. 
The eluates showed a red color when treated with concentrated sulfuric 
acid, followed by dilution with ethyl acetate; in this test “tetrahydro E” 
diacetate remained colorless. From IIc, 80 mg. of impure material, m.p. 
203-225°, were obtained; Ila and I yielded 89 mg. and 33 mg., respectively. 
These fractions were combined. As purification progressed, it was appar- 
ent that the material was a mixture of “tetrahydro E” diacetate with 
“tetrahydro F”’ diacetate. The separation, which was very difficult, was 
further complicated by the unfortunate fact that ‘“‘tetrahydro F”’ diacetate 
exhibits a variable and unsharp melting point, dependent upon crystal size, 
rate of heating, and whether determined in capillary tube or Kofler block. 
After extensive chromatography and repeated fractional crystallization ac- 
cording to conventional purification schemes, followed by careful fractional 
sublimation, a product, m.p. 209-211° (capillary), was obtained; [a]?® +90° 
+2° (chloroform). The infra-red spectra were determined in chloroform 
solution. 


C2sH3s07. Calculated, C 66.64, H 8.50; found, C 66.94, H 8.83 


The product gave a characteristic red color with sulfuric acid. Further 
recrystallization and sublimation did not alter the rotation or the melting 
behavior.! 


1The melting point previously reported (4) was incorrect. When large crystals 
were heated on the Kofler block with a temperature increase of 1° per minute, the 
melting point was 212°, 218-222°; when small crystals were heated in the same way, 
the melting point was 208-211°. 











AcO” 



























90 tare URINARY STEROIDS 


The chemical transformations used in determining the structure of “‘tet- 
rahydro F” and diacetate are summarized in Fig. 1. 

Chromic Acid Oxidation to ‘‘Tetrahydro E”’ Diacetate—3 mg. of the new 
substance were dissolved in 0.2 ml. of acetic acid, 0.09 ml. of 1.5 per cent 
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chromic acid solution was added, and the solution was stored for 24 hours, 
After the usual isolation procedure, the neutral material was crystallized 
from acetone-ligroin and yielded a product melting at 221-226°. No color 
developed with the sulfuric acid test. The infra-red spectrum of the prod- 
uct was identical with that of ‘‘tetrahydro E”’ diacetate. 

Chromic Acid Oxidation to 3a-Acetoxyetiocholane-11 ,17-dione—3 mg. of 
the new substance were oxidized in 0.3 ml. of acetic acid and 0.2 ml. of 2 
per cent chromic acid for 21 hours. The neutral fraction obtained in the 
usual way gave an infra-red absorption identical with that of 3a-acetoxy- 
etiocholane-11 , 17-dione. 

Oxidation to 3a-Acetoxy-11-keto-17a-hydroxyetianic Acid—6 mg. of the 
new substance were hydrolyzed with 0.05 n sodium hydroxide under nitro- 
gen for 35 minutes and a yellowish oil that did not crystallize was obtained. 
5 mg. of the amorphous product were dissolved in 0.5 ml. of ethyl acetate 
and 2 ml. of periodic acid solution were added (345.5 mg. of HIO,-2H.0 
in 10 ml. of methyl alcohol and 10 ml. of water). After 19 hours, the 
reaction product yielded 2 mg. of neutral and 4 mg. of acidic material. 
The acidic fraction was esterified with diazomethane in the usual manner 
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and a semicrystalline material was obtained. This was reacetylated and 
the infra-red spectrum was determined. The absorption pattern in the 
carbonyl region (1600 to 1800 cm.-') demonstrated the absence of an 
11-keto group; strong hydroxyl bands were present. The methyl ester 
acetate was oxidized with chromic acid and the neutral fraction, which did 
not crystallize, had an infra-red absorption identical with that of methyl 
3a-acetoxy-17a-hydroxy-11-ketoetianate prepared from an authentic sam- 
ple of “‘tetrahydro E”’ diacetate. 


TaBLe I 
Additional Compounds Isolated from Urine 





Product isolated lsource (Stage E) M.p. | (alates) 

ieCatnet hina, nes tomer er ae 
am IID oo oss is oh cd os eee eh inadds daw I, IIa, IIb | 229-236 

Hydrocortisone acetate.......................... | IIa, IIb 220-224 | +152 

‘Tetrahydro BE” acetate.................c0cceee. _ I, Ia, Ie | 235-238 +89 





In addition to the products described, three other compounds, listed in 
Table I, were isolated. Similar results have, in the meantime, been re- 
ported by other investigators. 


SUMMARY 


The isolation of five steroids, probably derived from the adrenal cortex, 
has been described. These were cortisone, hydrocortisone, 3a, !7a,21- 
trihydroxypregnane-11,20-dione, 3a,118,17a,21-tetrahydroxypregnane- 
20-one, and 3a, 17a-dihydroxypregnane-11 ,20-dione. 


The authors are grateful to Dr. Thomas F. Gallagher for his valuable 
suggestions and generous assistance in the preparation of this manuscript. 
The authors wish to express their appreciation to the large group of devoted 
research assistants and technicians who made much of the work possible. 
The routine chemical and chromatographic separations were carried out by 
a group under the supervision of Madeleine Stokem and Ruth Jandorek. 
The colorimetric analyses were under the supervision of Olga Teager. The 
infra-red spectrometry was under the supervision of Friederike Herling. 
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A number of relatively stable proteins have been successfully chromato- 
graphed by elution analysis on columns of the carboxylic exchange resin 
IRC-50 (1, 2) and on columns prepared by adding aqueous salt solutions 
saturated with glycol ethers to kieselguhr (Martin and Porter (3) and 
Porter (4)). In the present study, an investigation has been made of the 
applicability of the ion exchange method to the chromatography of chymo- 
trypsinogen a under conditions similar to those employed for ribonuclease 
(1) and lysozyme (2). 

Chymotrypsinogen a, as prepared by the method of Kunitz (5), has a 
molecular weight of 22,500 (6, 7) and an isoelectric point at pH 9.1 to 9.5 
(8, 9). Samples of the zymogen, several times recrystallized, rigorously 
satisfied the requirements for a single molecular species according to the 
detailed phase rule solubility measurements reported by Butler (10), a 
finding supported by the electrophoretic analyses of Rothen (5). The 
results to be described in this communication indicate that chymotrypsino- 
gen a can be chromatographed successfully on IRC-50. Preparations pre- 
sumably similar in nature to those examined previously (5-10) are also 
chromatographically homogeneous, or very nearly so, whereas impurities 
present in less satisfactory preparations are readily detected chromato- 
graphically. The columns employed to evaluate the homogeneity of the 
crystalline protein can also be used to detect the zymogen in crude acidic 
extracts of bovine pancreas. 


EXPERIMENTAL 


The experimental procedure employed was identical to that already de- 
scribed (1), except for the modifications given below. The phosphate 
buffer of pH 6.02 (see Fig. 1) was prepared from 22.09 gm. of NaH:PO,-H.O 
and 5.68 gm. of NasHPO, made up to a volume of 1 liter. 

Preparation of Resin—In the preceding studies (1), the fine particles were 
removed from the pulverized IRC-50 resin (XE-64, batch No. 2165) and 


* A preliminary report of this work was given at the meeting of the Federation of 
American Societies for Experimental Biology, Chicago, April 6-10, 1953 (Federation 
Proc., 12, 218 (1953)). 
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the powder was used without further fractionation. Improvement in the 
resolving power of the columns can be obtained by screening the resin. 
When the wet sodium salt, obtained as previously described (1), was trans- 
ferred to a 200 mesh screen, about 1 per cent of the material could be 
driven through by a stream of distilled water. The resin that had passed 
through 200 mesh was allowed to settle several times from large volumes 
of water. The finer, more uniform product thus obtained gave columns 
which yielded peaks exhibiting nearly twice the sharpness of those obtained 
with columns of the original resin; also, it was usually possible to obtain 
more uniform rates of flow.'. About 5 per cent of the XE-64 resin could 
be passed through a 120 mesh screen to give a fraction which showed nearly 
the same improvement in chromatographic performance. The low yield of 
the screened product restricts its usefulness to analytical scale chromato- 
grams. Columns in which 200 mesh resin was employed were used for 
the present analyses of purified preparations of chymotrypsinogen a. The 
coarser unscreened resin was employed when crude tissue extracts were 
chromatographed, in order to prevent clogging at the top surface of the 
column. 

Analyses of Effluent Fractions—To obtain a measure of the protein con- 
centration, ninhydrin analyses were performed as previously described (1). 

Determinations of enzymatic activity after activation with trypsin (see 
Figs. 1 and 2) were carried out by the general procedures of Northrop et 
al. (5). An aliquot of 0.05 to 0.1 ml. was pipetted from the appropriate 
fractions and diluted to a volume of 2.5 ml. by the addition of a freshly 
prepared solution of crystalline trypsin (0.2 mg. per cent in 0.1 mM S¢rensen 
phosphate buffer at pH 7.63). We are indebted to Dr. Kunitz for a gift 
of crystalline trypsin. The customary activation of chymotrypsinogen a 
by trypsin (5) is carried out at 5° for several days and would have been 
impractical for the routine analysis of the numerous effluent fractions. 
Hence, the determination was standardized on the basis of a 3 hour activa- 
tion period at 35°. Control experiments indicated that under these con- 
ditions there was about an 85 per cent transformation of chymotrypsinogen 
into chymotrypsin. The proteolytic activity released by the activation 
procedure was measured by the spectrophotometric method of Kunitz (5), 


1 A doubling of the rate of solvent flow (from 1.5 to 3.0 ml. per hour with a column 
0.9 cm. in diameter) has been found permissible when a detergent (0.5 per cent 
BRIJ 35 (11)) is incorporated in the eluent. The presence of the detergent prevents 
the sacrifice in resolving power usually associated with the faster rate, and, by elimi- 
nating the erratic flow of effluent at the tip of the chromatograph tube noted previ- 
ously (1), obviates the need for the silver gauze tip. BRIJ 35 had no effect on the 
activity of chymotrypsinogen, but might influence the results with other enzymes. 
The present experiments were performed at the rate previously described (1), with- 
out added detergent. 
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with Hammarsten’s casein as substrate. The increase in optical density 
at 280 mp was related to the chymotrypsinogen concentration by means 
of a standard curve, prepared under the same conditions of activation and 
digestion and based on a sample of the zymogen subsequently demonstrated 
to be chromatographically homogeneous. A “zero time” tube was made 
up for each solution that was assayed, and each assay tube was read against 
its own “zero time” tube as a blank. 


Results 


After establishing that chymotrypsinogen a could be chromatographed 
effectively on 0.9 X 56 cm. columns of IRC-50, with a 0.2 m sodium phos- 
phate buffer of pH 6.02 as eluent, five different samples of the zymogen 
were investigated. Two different preparations from the same commercial 
source (Worthington Biochemical Sales Company) and one sample, recrys- 
tallized eleven times, very kindly supplied by Professor Hans Neurath gave 
results of the type shown in Fig. 1,a. The single component at 43 effluent 
ml. accounted, within experimental error, for all of the ninhydrin-positive 
material and all of the activatable zymogen applied to the column. When 
material from the peak shown in Fig. 1, a was rechromatographed under 
the same conditions, a single peak at the same positions was obtained, 
demonstrating that passage through the column had not affected the pro- 
tein detectably. The position of the peak on the effluent curve could be 
altered, however, by varying the pH of the eluting buffer. Thus, at pH 
6.47 (0.2 m in phosphate, 0.28 n in Na) the protein emerged at 21.5 effluent 
ml., while at pH 6.27 (0.2 m in phosphate, 0.26 N in Na) it emerged at 29 ml. 

The peak in Fig. 1, a is slightly asymmetric, and the ratio of ninhydrin 
color value to enzymatic activity on the first part of the peak is slightly 
greater than that on the remainder. Although this asymmetry might re- 
sult from inhomogeneity, it has not been possible to demonstrate the exist- 
ence of another component in this sample of chymotrypsinogen a, either 
by using a longer column or by changing the experimental conditions. 
No alteration in chromatographic behavior was noted after storage of this 
sample in the dry state for five months at 4°. 

A fourth commercial sample of chymotrypsinogen a from a different 
source gave the result shown in Fig. 1, b, and a fifth sample gave a some- 
what similar curve. The presence of two enzymatically activatable com- 
ponents is evident in Fig. 1, b. The second of these is probably identical 
with the material shown in Fig. 1, a; it has the same position, 43.5 ml., 
and possesses the same ratio of ninhydrin color to enzymatic activity. 
The other major component that may be activated by trypsin moves ahead 
at 35.5 ml. It seems likely that this component is an artifact produced 
during isolation or storage of the zymogen, for, as is demonstrated below, 
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no activatable substance possessing this rate of travel can be found in 
crude extracts of pancreas. The third major component at 48.5 ml. ex- 
hibits only a slight amount of activity. 

The fact that various samples of chymotrypsinogen a, all of which pre- 
sumably have been prepared by the same procedure, exhibit different de- 
grees of chromatographic homogeneity indicates that there are steps in the 
preparation or storage of the protein that are not always under complete 
control. The presence of traces of proteolytic enzymes in the zymogen 
might produce the kind of result seen in Fig. 1, b. Gladner and Neu- 
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Fic. 1. Chromatography of preparations of crystalline chymotrypsinogen @ on a 
0.9 X 56 cm. column of IRC-50 (XE-64), with sodium phosphate buffer at pH 6.02 as 
eluent. a and b, curves obtained from two commercial preparations of the zymogen. 
@, ninhydrin value; O, proteolytic activity measured after activation with trypsin. 


rath (12) have shown that chymotrypsinogen a frequently contains small 
amounts of chymotrypsin, for example, which might act upon the zymogen 
and thus alter its chromatographic behavior. When a sample of chymo- 
trypsinogen a, giving the type of chromatogram shown in Fig. 1, a, was 
allowed to stand for 24 hours at pH 7.6 and room temperature in the pres- 
ence of 1 per cent chymotrypsin, chromatography showed the product to 
be markedly heterogeneous. 

The chromatographic behavior of chymotrypsinogen B,? a second zymo- 
gen obtained by Laskowski from acidic extracts of pancreas, differs from 
that of chymotrypsinogen a. As would be expected for a protein possess- 
ing an isoelectric point at pH 5.2, chymotrypsinogen B passes through the 


2 We are grateful to Dr. Emil L. Smith for placing at our disposal the sample of 
chymotrypsinogen B used in these experiments. 
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column without retention and apparently unchanged, for, after treatment 
with trypsin, proteolytic activity may be recovered quantitatively. 

The previous studies with ribonuclease (1) demonstrated that the IRC-50 
columns are particularly well suited for work with crude tissue extracts 
prepared by exposing lyophilized, comminuted beef pancreas powder to 
0.25 n sulfuric acid at 4° for 15 minutes. The columns were run at pH 
6.47 and the effluent fractions were surveyed for ribonuclease activity. 
In the present investigation, the fractions from a similar chromatogram 
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Fic. 2. Chromatography of 0.25 n sulfuric acid extracts of comminuted beef pan- 
creas on a 0.9 X 30 cm. column of IRC-50 (XE-64). a, curve obtained at pH 6.47 
with an undialyzed extract; b, curve obtained after dialysis of the extract and chro- 
matography at pH 6.02. The ribonuclease A peak, which appears at 60 effluent ml. 
under these conditions, is not shown. @, ninhydrin value; O, proteolytic activity 
measured after activation with trypsin. 


were also assayed for activatable proteolytic constituents, with the results 
shown in Fig. 2, a. The only major activatable component present was 
found at 12.5 ml., although the effluent was analyzed to 75 ml. The 
position of the peak coincides exactly with that taken by chymotrypsinogen 
a under these conditions. When the same acidic extract was chromato- 
graphed at pH 6.02 on a 30 em. column, conditions similar to those shown 
in Fig. 1, a, the activatable component appeared at 23 effluent ml., a posi- 
tion which again coincided precisely with that taken by chymotrypsinogen 
a. Even with the additional retardation obtained at pH 6.02, the chymo- 
trypsinogen a peak was not completely separated from other ninhydrin- 
positive constituents of the extract. The interfering materials could be 
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removed by dialysis, however, and the results of a chromatogram per- 
formed upon a dialyzed extract are shown in Fig. 2, b. Chymotrypsinogen 
a appears as a clearly resolved peak, for which the ratio of ninhydrin color 
value to activity is very nearly the same as that observed for samples of 
the isolated zymogen. The amount of activity recovered in experiments 
of the type shown in Fig. 2, a and b corresponded to a quantity of chymo- 
trypsinogen a equivalent to 0.6 and 1.1 per cent on a dry weight basis in 
the two samples of bovine pancreas analyzed. 

Small amounts of proteolytic activity after trypsin treatment can be 
seen in Fig. 2, b at the break through point of the solvent front (6.5 ml.) 
and at 13 ml. The first activatable peak doubtless may be attributed, at 
least in part, to chymotrypsinogen B, which, as has been noted, is not 
adsorbed by IRC-50. The nature of the material responsible for the sec- 
ond peak has not been determined. 

Trypsinogen, known to be present in extracts of pancreas in amounts 
comparable to chymotrypsinogen a, does not appear in Fig. 2, a and b. 
Experiments, in which purified trypsinogen was used, demonstrated that at 
pH 6.02 the protein is tightly bound by IRC-50. At pH 6.47, on the other 
hand, activation followed by autodigestion apparently occurred on the 
column. More than 400 per cent of the ninhydrin-positive material ap- 
plied to the column appeared as a broad zone starting at the break through 
of the solvent and extending for over 100 effluent ml. No material activat- 
able by trypsin appeared in this zone, however. 


The author wishes to thank Dr. Stanford Moore and Dr. William H. 
Stein for valuable advice, and, in particular, for their kind assistance in 
the preparation of the manuscript. 


SUMMARY 


Chymotrypsinogen a can be chromatographed at pH 6 on columns of 
the carboxylic acid ion exchange resin Amberlite IRC-50 (XE-64). The 
technique has been used to study the chromatographic homogeneity of 
different preparations of the zymogen. A number of recrystallized samples 
have proved to be homogeneous by this criterion. Less satisfactory prepa- 
rations contain several chromatographically distinct components. The 
chromatographic method also permits a separation of chymotrypsinogen 
a from crude extracts of pancreatic tissue without interference from either 
chymotrypsinogen B or trypsinogen. 
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ROLE OF CHOLINE IN THE OXIDATION OF FATTY ACIDS BY 
THE LIVER* 


By CAMILLO ARTOM 


(From the Department of Biochemistry, Bowman Gray School of Medicine, 
Wake Forest College, Winston-Salem, North Carolina) 


(Received for publication, May 11, 1953) 


The lipotropic action of choline has usually been interpreted by assuming 
that fatty acids are carried out from the liver as plasma phospholipides and 
that choline acts by enhancing the synthesis of these compounds in the 
liver. Although some circumstantial evidence for an increased mobiliza- 
tion of fatty acids from the liver to the depots under the action of choline 
has been obtained (3-5), several recent results indicate that plasma phos- 
pholipides do not represent the major chemical form in which the transport 
of fatty acids is effected (see especially Entenman et al. (6, 7), and for a 
review, Artom (8)). 

In the present investigation it was found that oxidation of isotopic long 
chain fatty acids was depressed in liver preparations from choline-deficient 
animals, and that choline, administered in vivo, restored the ability of the 
tissue to oxidize the labeled fatty acids at a high rate. These results are 
in line with the idea that the lipotropic effect of choline is due to an in- 
creased rate of fatty acid oxidation in the liver. 


EXPERIMENTAL 


Animals and Diets—Male albino rats were maintained for various lengths 
of time on one of the following diets: (a) a choline-deficient diet (Diet 26 
(9), containing 5 per cent casein and 5 per cent fat, to which GAA,! 1 per 
cent, was added); (b) a choline-supplemented diet (Diet 26, with added 
choline chloride, 0.4 per cent); or (c) a stock diet (containing 25 per cent 
crude mixed proteins and 5 per cent fat). A mixture of pure B vitamins 


* Part of these results has been reported in a preliminary form (1,2). This work 
was performed under a contract (No. AT-(40-1)-288, Title II) between the United 
States Atomic Energy Commission and the Bowman Gray School of Medicine. 
Stearate-1-C' and palmitate-1-C'* were obtained from the United States Testing 
Company, Inc., Hoboken, New Jersey, and Tracerlab, Inc., Boston, Massachusetts, 
respectively, on allocation from the United States Atomic Energy Commission. 
Phosphorylcholine and betaine aldehyde were gifts from Dr. E. Baer, Toronto, Can- 
ada, and Dr. A. D. Welch, Cleveland, Ohio. 

1 The following abbreviations are used: GAA = guanidoacetic acid, ATP = adeno- 
sinetriphosphate, AcAc = acetoacetate. 
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was incorporated in the experimental diets (1 ml. per 100 gm. of diet?), 
In many experiments one or two of the animals on the experimental diets 
received a solution of choline chloride, given in two intramuscular injec- 
tions, 1.5 and 0.5 hours before death. The rats were killed by decapitation, 
and the liver was removed, weighed, and placed in chilled Krebs-Ringer- 
phosphate solution without Ca++ and Mgt (10). 

Liver Preparations—Slices approximately 0.5 mm. thick were cut free- 
hand. Homogenates of individual or pooled livers were prepared in an 
ice-cold, all-glass Potter-Elvehjem apparatus, in the modified Ringer-phos- 
phate, and were brought to a volume equaling 4 or 5 times the weight of 
the tissue. In some experiments, a portion of the crude homogenate was 
centrifuged for 20 minutes at 2000 X g in a refrigerated centrifuge. The 
sedimented particles were washed twice and resuspended in the original 
volume of modified Ringer-phosphate solution. Mitochondria were pre- 
pared from homogenates in isotonic sucrose by a slight modification of the 
technique of Schneider and Hogeboom (11), and resuspended in Ca**- and 
Mgt+-free Ringer-phosphate to a volume equal to 5 times the liver weight. 

Isotopic Substrates—Stearic acid-1-C'* or palmitic acid-1-C™“, both with a 
stated activity of 1 mc. per mM, were converted into the sodium salts and 
emulsified in the modified Ringer-phosphate solution. In each experiment 
the appropriate dilution was prepared freshly from the stock emulsion. 
The diluted emulsion was acidified, boiled, and brought to pH 7.4 and to 
the original volume, sterile glassware and solutions being used throughout. 
These precautions appeared necessary in order to obtain consistently low 
values of CO. in the control samples. 

Incubation Procedure—In each experiment two or three liver preparations 
from rats under different nutritional conditions were incubated simultane- 
ously. Thus, the results obtained in each experiment from the livers of 
choline-deficient and non-deficient rats, respectively, are directly compa- 
rable. 50 ml. flasks of the type described by Chernick et al. (12) were 
used. The main compartment contained, in a total volume of 6 or 7 ml., 
pH 7.4, the tissue preparation (500 to 800 mg. of liver slices or 3 to 4 ml. 
of crude homogenates or of the suspension of liver particles), 3 mg. each of 
penicillin G and of dihydrostreptomycin, and 1 to 2 um of the isotopic 


21 ml. of the B vitamin solution contained thiamine 0.4 mg., riboflavin 0.8, pyri- 
doxine 0.4, niacin 5, Ca pantothenate 2.5, p-aminobenzoic acid 2.5, inositol 10, folacin 
0.1, menadione 0.5, biotin 0.05, vitamin By: 0.02. 

3 As judged by appearance, the degree of dispersion of the diluted emulsions was 
rather variable from one experiment to another. This might perhaps account for the 
marked differences in the average values of CO, produced in different experiments 
by livers of rats in the same nutritional conditions. On the other hand, only mod- 
erate differences (usually less than 10 per cent) were found in the values obtained 
from the various samples of the same liver preparations incubated in each experiment. 
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fatty acid (yielding between 2 X 10° and 4 X 10° ¢.p.m. with our standard 
procedure). When homogenates or particulate suspensions were used, 
ATP (2 X 10° Mo, final concentration) was also added. The side arm 
contained 0.3 ml. of 6 N H2SO, and the filter paper in the center well 0.3 
ml. of 2N NaOH. From each liver, at least one control flask was prepared 
exactly like the experimental flasks, except that the tissue was kept at 
100° for 10 minutes, and then the antibiotics, ATP, and isotopic substrate 
were added. The experimental and the contro] flasks were shaken in a 
Warburg bath at 37° in air. After 3 hours, the H.SO, was tipped from 
the side arm into the main compartment and shaking continued for 30 
minutes more. 

Measurements—After addition of carrier NaHCO;, the CO: trapped by 
the NaOH on the filter paper in the center well was precipitated as BaCQOs. 
The precipitate was washed with water and with methanol and finally 
suspended in methanol containing a definite weight of egg yolk lipides. A 
fraction of the methanol slurry was transferred to an aluminum dish, dried, 
and counted with a Q gas flow counter. 

In a few experiments the carboxyl-C™ of the AcAc formed during the 
incubation was also determined by a procedure similar to that of Chaikoff 
et al. (13). The values were doubled, on the assumption of an equal dis- 
tribution of the isotope between the carboxy] C and carbonyl C of AcAc 
(see Kennedy and Lehninger (14)). 

In each series of radioactive measurements, standard samples, containing 
appropriate dilutions of the substrate and various amounts of egg yolk 
lipides, were counted together with the experimental samples, and the 
results were used to correct the data for self-absorption. The values re- 
ported in Tables I to V have been corrected also for the background and 
for the small amounts of radioactivity in the control flasks, and then recal- 
culated for a constant amount of substrate (10° c.p.m.). 

On separate samples of the slices, or of the homogenates, total N (15), 
total lipides (weight of the chloroform extract (16)), lipide P (17), and 
occasionally also lipide choline (16) were determined. From these data, 
total phospholipides (lipide P X 25), neutral fat (total lipides, less total 
phospholipides), and choline-containing phospholipides (lipide choline X 
6.7) were calculated. In a few instances the total CO. production was 
measured (by titration (18)). 


Results 


The results recorded in Tables I to V illustrate adequately the findings, 
obtained under the various experimental conditions. The data of addi- 
tional experiments, carried out in each series,‘ have been omitted for the 


‘See foot-notes to Tables I to V. 
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sake of brevity. The CO. values are the averages of parallel determina- 
tions on three or four incubated samples of the same liver preparation. 
Because of marked differences in the weights and in the protein and fat 
content of the livers of rats fed different diets, the values have been cal- 
culated per gm. of moist tissue as well as per mg. of nitrogen and for the 


TaBLe I 
C40, Production from Stearate-1-C™ by Liver Preparations from Rats on 
Choline-Deficient or Stock Diet 
This series included a total of seven experiments on twenty rats. The letters in 
parentheses designate individual rats. 



































Per gm. tissue CHO: 
Experiment Diet* — eT ee 
0. Phos- N i] P " Whole liver 
ides — ph Per mg. N | of = 
Slices 
mg. még. C.p.m. C.p.m. c.p.m. 
8 (a) Diet 26 + GAA (17) 19 | 220 394 30 1650 
(c) Stock 31 | 13 | 1820 83 5830 
12 (a) Diet 26 + GAA (60) 18 | 92 443 35 2100 
(b) Stock | 36 | 22 1594 | 64 6410 
Homogenates 
20 (a, b) | Diet 26 + GAA (56) | 19 202 405 31 2760 
(c,d) | Stock | 34 | 17 | 2100 | 77 ~~ | 6250 
28 (a, b) Diet 26 + GAA (18) 21 87 388 19 1470 
445t 23t 1610¢ 
(c, d) Stock | 30 10 | 1760 68 | 6050 


| | 1097¢ 42t | 3760t 





* The figures in parentheses represent the days on the diet. 
¢ In these flasks palmitate-1-C™ (instead of stearate-1-C'‘) was used as a sub- 
strate. 


whole liver of a 100 gm. rat. From Table I it appears that, regardless of 
the method employed for expressing the data, slices or homogenates of the 
liver of rats on the stock diet produced more CO: from isotopic stearate 
than liver preparations of rats on the choline-deficient diet. Similar dif- 
ferences were found in one experiment in which part of the samples was 
incubated with palmitate-1-C™ and part with stearate-1-C' (Experiment 
28). 

In the experiments illustrated in Table II, rats (about 100 gm.) from our 
colony were used. Substitution of choline for GAA as a supplement to the 
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low protein diet raised the values of isotopic CO: produced from stearate, 
although in two instances the increases were not considerable (e.g., Experi- 
ment 8). More marked and more consistent increases were obtained in 


Taste II 


CO, Production from Stearate-1-C' by Liver Preparations from Rats on Low Protein 
Diet (Diet 26) Supplemented with Either GAA or Choline 


This series included a total of fourteen experiments on forty-one rats. 
































Dietary supplement Per gm. tissue CHO: 
Experiment Choline eee (ees 
No. iageaten, Total Whole liver 
GAA | Choline | 1° &™ "™* phospho- Neutral | Per gm. | Per mg. N| of 100 gm. 
Slices 
days days | uM me mg. C.p.m. C.p.m. | C.p.m. 

11 (a) 9 0 0 22 83 1985 129 8,340 
(b) 9 0 | 100 25 148 4370 207 18,400 

(c) 0 9 0 26 30 3413 188 13,400 

8 (a) 17 0 0 19 220 394 30 1,650 
(b) 0 17 0 26 133 573 35 2,440 

16 (a) 17 0 0 17 204 396 29 1,720 
(b) 0 17 100 20 27 2600 154 12,100 

9 (a) 24 0 0 22 260 539 | (35 2,480 
(b) 24 0 100 27 135 1440 66 10,250 
(c) 0 24 0 23 28 | 1062 54 4,650 

14 (a) 150 0 0 15 196 315 1,360 
(b) 150 0 100 26 242 885 3,950 
(c) 0 50 50 20 31 635 2,250 

Homogenates 

15 (a, b) 21 0 0 26 186 278 15 1,520 
(c, d) 21 0 100 21 153 1404 116 7,750 

19 (a, b) 49 0 0 19 215 238 16 1,540 
(c) 0 oo 0 19 51 3435 201 15,900 
(d) 0 49 100 20 21 9351 445 38,300 

36 (a) 83 0 0 17 177 379 25 2,740 
(b) 0 83 0 24 16 3120 158 10,000 
(c) 0 83 100 20 31 | 3833 189 13 ,690 


























the livers of rats injected with choline. The enhanced production of C“O, 
following choline administration was observed even with extensively fibrotic 
livers, such as in rats which had been on the choline-deficient diet for long 
periods (e.g., Experiment 14). Liver fat was lower in all of the animals 
on the choline-supplemented diet, and also in several rats (three out of 
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five) which had been on the choline-deficient diet but received choline 
injections shortly before death. 

In the experiments of Table III, in which liver homogenates were incu- 
bated with palmitate-1-C", older rats (150 to 200 gm.) from a different 
source (Rockland Farms) were employed. In three experiments the livers 
of rats injected with approximately the same dose of choline used in the 
previous series were still quite fatty, and the production of CO. during 
the incubation was not increased (e.g., Experiment 22). However, the 


TaBLeE III 


CO, Production from Palmitate-1-C' by Liver Homogenates from Rats on Low Protein 
Diet (Diet 26) Supplemented with Either GAA or Choline 


This series included a total of eleven experiments on forty rats. 



































Dietary supplement Per gm. tissue i CHO: 
Experiment pe emf aks Gas “eo “a 
No. | Whole liver 
aa | Choline | 100 em. rat ae | ‘a Pe gm. (Pe us N| of 100 gm. 
prchcalaeptatn . | | til 
days days uM mg. ro mg. | C.p.m. C.p.m. c.p.m. 
22 (a,b) | 30 0 0 16 | 289 | 1148 | 80 | 7,500 
(c,d)| 30 0 120 21 | 229 | 1160 78 6,910 
26 (a,b) | 14 0; oO 19* | 156 | 455 | 27 2,310 
(e,d)| WU 3 | -220 22+ | 153 | 3040 | 171 | 16,150 
23 (a,b) | 15 ® | « 19 | 180 | 1690 96 | 10,900 
(c,d)| 8 7 | 120 17 | 115 | 6250 | 327 | 30,990 
38 (a,b) | 18 o | oO 16 | 87 | m8 | 12 | 1,224 
(,@)|} 0 | 18 | 220 | 2 | 18 | 4180 | 387 | 17,090 
39 (a, b) s 0 | 0 21 | 21 | #257 | #14 | #1,310 
(c,d)| 8 0 350 15 | 109 | 2510 | 130 | 16,064 
(e) 0 s | 350 | 21 | 32 | 2760 | Im | 15,400 














* Choline-containing phospholipides, 6 mg. per gm. n. of liver. 
¢ Choline-containing phospholipides, 12 mg. per gm. of liver. 


effectiveness of choline administration became apparent, even in this group 
of animals, when choline was both added to the diet and injected or when 
higher doses of choline were injected. It might be pointed out also that 
these rats tolerated the parenteral introduction of choline in amounts which 
had proved fatal to animals of the previous group. 

The results of Table IV show that differences in the production of CO. 
by the livers of rats receiving or not receiving choline, respectively, were 
often more marked in washed particles or in mitochondria than in the 
crude homogenates. If the CO. is expressed per mg. of N, the activity 
of the particulate fractions is as great as, or greater than, that of the whole 
homogenate. In the experiments in which the radioactivity of AcAc was 
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determined (Table V), much lower values were obtained from the choline- 
deficient livers than from the non-deficient livers. In both cases lesser 
amounts of C4 were present in the AcAc than in the respiratory COs. 


Tasie IV 


C40, Production from Stearate-1-C' or Palmitate-1-C'* by Homogenates, Washed 
Particles, or Mitochondria of Liver from Rats on Low Protein Diet (Diet 26) 


This series included a total of seven experiments on twenty-seven rats. 
























































a... oe Per gm. tissue CO: 
Experiment _—| injected, Preparation —_—— 
No. 100 gm. 
Ch t Phos- | Neu- Pp Ip ¥ & Whole 
GAA| Tine} Phe] eal | “liver” | "NTE [liver of too 
Substrate, stearate-1-C" 
days | days | uM mg. | mg. c.p.m. c.p.m. c.p.m. 
18 (a,b)| 26 | 0 | 0 Homogenate | 20 | 215| 1,875 46 | 12,800 
| Particles* 7 27 280 62 | 1,817 
(c,d) | 26 | O | 100 Homogenate | 24 | 198| 7,125 140 | 41,250 
Particles* 12 28 | 1,839 307 | 9,860 
6 (a,b)| 28 | O | 0 Homogenate 22 | 121 532 | 29 2,190 
Particles 12 6 147; 25 609 
(c, d) 28 0 ..~=-:100 Homogenate 23 13 | 2,730, 181 | 10,580 
| | Particles 15 2| 1,410} 205 | 5,460 
eesti —e vee : oe 
Substrate, palmitate-1-C™ 
S erAy aeeye RE EEEEEELEE EEE CEST GEERT GREE ER 
34 (a,0)| 20| 0 | 0 | Homogenate | 17 |186| 775| 54 | 5,215 
Tie ta | Particles | 6 | 7} 710) 198| 4,780 
(ce, d) | 14 | 6 | 100 | Homogenate | 18 | 132 | 13,570 867 | 78,500 
| Particles | 8 5 | 5,980 | 1289 | 35,800 
35 (a,b)| 27 | 0 | © | Homogenate | 16t | 103 | 1,657 | 126 | 10,200 
| Mitochondria | 2 1 236 200 | 1,380 
(c,d)| 21| 6 | 100 | Homogenate | 15t| 91 | 2,501 170 | 15,630 
beak ele) | Mitochondria | 2 | 2| 435 | 330 | 2,683 

















* Washed one time only. 
+ Choline-containing phospholipides, 5 mg. per gm. of liver. 
t Choline-containing phospholipides, 14 mg. per gm. of liver. 


In the livers of rats on the experimental diets, receiving or not receiving 
choline, the levels of total phospholipides were not much different. How- 
ever, in five experiments in which choline was determined on the lipide 
extracts, the proportion of the choline-containing phospholipides in the 
total phospholipides was markedly increased after choline administration 
(e.g., Table III, Experiment 26, and Table IV, Experiment 35). 
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In many experiments (nineteen liver preparations), choline chloride (in 
final concentrations between 3 X 10-* and 1.5 X 107% m) was added to 
part of the samples. Not only were no increases in C“Oz associated with 
such addition in vitro, but frequently choline appeared to diminish C“O, 

. production, regardless of the nutritional status of the animal. Similar 
results were obtained in a few experiments in which phosphorylcholine, 
betaine aldehyde, or betaine (in final concentrations 5 X 10-*and 1 & 107 
M) was added in vitro. 


TABLE V 
Production of CO, and C'*-Acetoacetate from Stearate-1-C™ or Palmitate-1-C™ by 
Liver Preparations from Rats on Various Diets 


C**-Acetoacetate was determined in a total of five experiments of the various 
series. 























Dietary supplement Per gm. tissue 

Experiment + 48 F 
ie Diet Total | Neutral | Total 
GAA | Choline Phospho- fat CHO, AcAc 
lipides | | Ch 
dee! ia mg. | mg. | c.pm. c.p.m. 
5 (a)t Diet 26 (75) | 75 0 20. | 300 | 485 | 88 
(b)t Stock 0 | 0 35 | 26 | 1,720 | 488 
40 (a, b)t Diet 26 (9) 9 | O 18 | 108 3,000 | 402 
(c, d)t “26 (9) 0 | 9§ 17 | 23 10,355 | 3384 

| | 





* The figures in parentheses represent the days on the diet. 

t Liver slices; substrate stearate-1-C"4, 

¢ Liver homogenates; substrate palmitate-1-C™. 

§ These rats had also received choline chloride by injection, 200 um per 100 gm, 
of rat. 


In four instances in which the total CO» production also was measured, 
marked differences between choline-deficient and non-deficient livers were 
found in the amounts of C“O, only. This was not unexpected, since the 
CO: which could be formed from the added fatty acids represented only a 
small fraction of the total respiratory CO>. 


DISCUSSION 


It seems probable that the differences in the production of C“O. by 
choline-deficient and non-deficient livers actually reflect differences in the 
rate of oxidation of the added fatty acids. Indeed, the experiments in 
which the isotope content of both respiratory CO, and AcAc was deter- 
mined indicate that the differences in the CO. are not merely due to a 
shift in the proportion of C2 fragments converted to AcAc or to COo. The 
similarity of the data obtained from slices, homogenates, or particles makes 
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it unlikely that the decreased production of CO. in the choline-deficient 
livers results from a lower penetration of the added fatty acids across the 
cell membrane. One might also suspect that, owing to the large amounts 
of fat accumulating in the deficient livers, a greater isotope dilution of the 
added fatty acids occurred, with a consequently lower specific activity at 
the site of oxidation. However, a quantitative inverse relationship be- 
tween the fat contents and the amounts of C“O. produced was not always 
apparent. For example, in several of the choline-deficient rats injected 
with choline the production of CO. was high, even when large amounts of 
fat were still present in the tissue. Moreover, in the washed particles from 
which the excess fat had been almost completely removed, the differences 
in the production of C“O. were as large as, or larger than, in the crude 
homogenates. It might be pointed out in this respect that marked de- 
creases in the ability to oxidize added octanoate have been noted in the 
liver of rats fed low protein, high fat diets (19, 20),5 whereas conflicting re- 
ports have been made for the oxidation of various short chain fatty acids 
by slices of livers, damaged by phosphorus, CCl, or chloroform (21-23). 

In most of our experiments, choline ingested or injected enhanced the 
production of CO: in vitro and also prevented or alleviated the fatty in- 
filtration of the liver. The discrepancies in this respect, which have been 
found in some instances (see also above), can perhaps be explained by the 
reasonable assumption that a high rate of fatty acid oxidation in the iso- 
lated tissue is dependent upon a certain level of choline (or, more likely, of 
a choline derivative; see below) in the tissue at the beginning of the experi- 
ment, whereas the lipotropic effect would be the result of the increased oxi- 
dation of fatty acids. In view of the rapidity with which choline is de- 
stroyed in the body, it seems possible that ingestion of a diet containing 
choline, even if sufficient to prevent the fatty infiltration over long periods, 
may not maintain at al] times an optimal level of the active factors in the 
liver cells. This would account for the finding that massive doses of cho- 
line injected shortly before removal of the liver enhanced the production 
of C“O. somewhat more effectively and more consistently than did supple- 
mentation of the diet with choline. 

In contrast to the effect of choline injected or ingested, the addition of 
choline or of simple choline der:vatives to the tissue in vitro did not raise 
the C“O. production. Similar findings have been reported. Thus, ad- 
ministration of choline to protein-deficient animals prevents the decrease 
in the oxidative processes of muscle (24) and restores the ability of the 
isolated liver to oxidize added octanoate (25).4 Addition in vitro of cho- 
line (24, 25) or phosphorylcholine (25) is ineffective. 

It seems probable that the active factor is not free choline, but some sub- 


5 Unpublished results of Le Breton and Le Van Lung (quoted in Lévy (20)). 
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stances formed from choline in vivo, and not in vitro, at least under the 
conditions of the present experiments. The results which we obtained with 
washed particles or mitochondria point to compounds held rather firmly 
in the granular structures. The hypothesis that these compounds are cho- 
line-containing phospholipides is attractive, and some speculations in this 
regard have been made elsewhere (8, 1, 25). Our finding that choline 
administration increases both the amount of choline-containing phospho- 
lipides and the production of CO: in vitro may be in line with these specu- 
lations. It is obvious, however, that much more work is required before 
the nature of the active factor, or factors, is clarified. It will be also the 
task of future investigations to determine whether and to what extent the 
results of our experiments in vitro can be extended to the conditions in vivo, 
While the present findings offer a reasonable explanation of the lipotropic 
action of choline, the possibility is not ruled out that other mechanisms 
might be involved, as suggested by the earlier experiments on intact ani- 
mals (3-5). 


The author is indebted to Miss H. Pollard and Miss B. Blue for technical 
assistance and to Dr. M. A. Swanson for her interest and helpful advice. 


SUMMARY 


Slices, homogenates, or washed particles of the liver of rats, maintained 
on various diets, were incubated with C'-labeled stearate or palmitate, and 
the radioactivity of the CO. evolved during the incubation was determined. 

Liver preparations from rats on a low protein diet with added guani- 
dinoacetic acid produced less isotopic CO, than preparations from rats 
on a stock diet. Supplementation of the low protein diet with choline, 
or injection of massive doses of choline shortly before removal of the 
liver, generally restored the ability of the tissue to produce COs at a high 
rate. 

Differences in the amounts of labeled acetoacetate formed during the 
incubation paralleled those in the amounts of COs. 

Addition in vitro of choline, betaine aldehyde, betaine, or phosphorylcho- 
line did not stimulate the production of CO, in the isolated liver, irrespec- 
tive of the previous dietary history. 

The above findings suggest that the lipotropic effect of choline may re- 
sult, at least to a large extent, from the enhancement of fatty acid oxidation 
in the liver under the action of some substances formed from choline in vivo. 
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The placenta is an organ of unusual interest, for in a short period of time 
it undergoes rapid development, attains full functional maturity, and then 
exhibits a partial regression. This tendency of the placenta toward ‘‘se- 
nescence” at term was first described from gross and microscopic observa- 
tion (1). Decreases in the rates of oxygen consumption and of anaerobic 
glycolysis as gestation proceeds were reported previously (2-5). Other 
changes in the chemical composition and activity of the placenta during 
pregnancy are reported in the present paper. 


Materials and Methods 


Term placentas were obtained directly from the delivery room and were 
used within 5 minutes of delivery. Earlier placentas were obtained at 
cesarean sections performed either for delivery or for therapeutic inter- 
ruption of pregnancy and were used within 5 minutes of their removal from 
the patient’s body. Placental slices about 0.5 mm. thick, weighing about 
200 mg., were prepared either with a Stadie-Riggs microtome or with iri- 
dectomy scissors and were incubated in Warburg vessels at 37° in an oxygen 
atmosphere. Care was taken in preparing the slices to avoid areas of 
necrosis. The composition of the incubation medium, expressed in milli- 
moles per liter, was as follows: K+ 50, Na+ 80, Mg*t+ 10, phosphate 40, 
Cl- 100, pyruvate 10, and glucose 11.1, except where specifically stated 
otherwise. The initial pH of the medium was 6.8 and the pH after incu- 
bation was 6.8 + 0.1 (determined by glass electrode). Other slices of the 
placenta were used for determination of initial glycogen content and of 
wet weight-dry weight ratios. 

After a 2 hour incubation the slices were removed, weighed, and analyzed 
for glycogen. Aliquots of the incubation medium were analyzed for glu- 
cose (6), pyruvate (7), and lactate (8). In those experiments in which C"*- 
labeled substrates were used, the respiratory CO. was recovered from the 
center well alkali, converted to BaCO;, and counted with a windowless, 
proportional flow counter (9). Glucose was isolated from other aliquots 
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of the incubation medium, after the addition of 10 mg. of carrier glucose, 
as the glucose phenylosazone. This was washed, recrystallized, washed 
again, and then plated for a determination of its radioactivity. Pyruvate 
was isolated from other aliquots, after the addition of carrier pyruvate, as 
the 2,4-dinitrophenylhydrazone. This was washed a total of seven times 
with alcohol and water before being plated and analyzed for its radioac- 
tivity by the proportional flow counter. Aliquots of the glucose obtained 
from the tissue glycogen were similarly converted to glucosazone for count- 
ing. 

From these measurements can be estimated the net amount of glucose 
utilized or produced, the net amount of pyruvate utilized, the net amount 
of lactate produced, the amounts of glucose and pyruvate carbons metabo- 
lized to COs, the net amount of glycogen produced or utilized, the amounts 
of glucose and glycogen made from pyruvate, and the amounts of glycogen 
and pyruvate made from glucose. 

Preliminary experiments showed that there was no detectable difference 
in the metabolism of slices cut from the chorionic and decidual surfaces of 
the placenta, and that there was no difference in the metabolism of slices 
cleaned of blood by exhaustive washing with cold saline and those cleaned 
by blotting on filter paper. Other experiments showed that letting the 
placenta stand at room temperature for 60 minutes before preparing slices 
decreased metabolism only 20 per cent. Despite this assurance. only 
freshly delivered placentas were used in experiments. 


Results 


Oxygen Uptake—A gradual decrease in the rate of oxygen consumption 
of the placenta as gestation proceeds has been reported previously (2-4). 
In the present series (Fig. 1) are thirty term placentas and thirty-three 
earlier placentas, ranging in age from 6 to 37 weeks, all of which were incu- 
bated in 10 mm per liter of pyruvate and 11.1 mm per liter of glucose. The 
decrease in oxygen consumption with age is linear until a gestational age 
of about 30 weeks, after which the Qo, (microliters of O2 per mg. of dry 
weight of tissue per hour) is relatively constant until term. The Qo, values 
reported here are slightly lower than those reported by Hellman, Harris, 
and Andrews (5), probably because of the difference in the method of de- 
termining the dry weight of the tissue. In those experiments the tissue 
was removed from the medium at the end of the incubation period, dried, 
and weighed. We have found that the wet weight of the tissue recovered 
at the end of the experiment is only 60 to 70 per cent of that put in origi- 
nally. To avoid this source of error, the dry weight-wet weight ratio for 
each placenta was determined from other slices of placenta. The placental 
slices recovered at the end of the incubation were weighed and used in a 
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determination of glycogen content. When the dry weight-wet weight ra- 
tios are plotted against the age of the placenta (Fig. 2), it can be seen that 
the ratio almost doubles during gestation. 

Glycogen Content—The glycogen content of each placenta before incu- 
bation was determined by the method of Walaas and Walaas (10). The 
glycogen, after isolation and purification, was hydrolyzed to glucose and 
the glucose formed was estimated by the method of Nelson (6). A plot 
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Fie. 1. Oxygen consumption, microliters per hour per mg. of dry weight, of 
placental slices as a function of the age of the placenta. The arrow at 40 weeks 
indicates the range of the values for term placenta. 

Fig. 2. The ratio of dry to wet weight of the placenta as a function of placental 
age. The arrow at 40 weeks indicates the range of the values for term placenta. 


of glycogen content (mg. of glycogen per gm. of dry weight of tissue) against 
the age of the placenta reveals a marked decrease with age until 18 to 20 
weeks; then the glycogen content remains essentially constant until term 
(Fig. 3). 

Glycogen Utilization—The glycogen content of the placental slices after 
incubation was determined. The glycogen, after isolation and purification, 
was hydrolyzed to glucose. An aliquot of this was used to estimate the 
amount of glucose present and the remainder, plus added carrier glucose, 
Was precipitated as the glucosazone, washed, recrystallized, and washed 
again, then plated for radioactivity measurements. From the difference 
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in glycogen content before and after incubation, the net change in glycogen 
(expressed as glucose) was calculated as micromoles per gm. of wet tissue 
per hour. When these data are plotted as a function of the age of the 
placenta (Fig. 4), it is evident that the placenta early in gestation has a 
marked ability to synthesize glycogen in vitro. This begins to decrease 
after 10 to 12 weeks of age and decreases steadily to term. The average 
of the experiments with thirty term placentas was —1.92 um per gm. per 
hour, and only one of these showed a net production of glycogen (+0.22 
yM per gm. per hour). Corroborative evidence was obtained from the 
radioactivity measurements of the glucosazones derived from the tissue 
glycogen after incubation. These showed that term placenta has a just 
barely detectable ability to incorporate C'*-glucose into glycogen in vitro, 
In contrast, 8 to 14 week placentas have a marked ability to incorporate C™ 
into glycogen in vitro from either glucose or pyruvate. This ability de- 
creases with gestation and was absent from two of the three placentas 22 
to 24 weeks old. 

Glucose Utilization—The net glucose utilization (or production) was cal- 
culated from the difference in glucose content of the medium before and 
after incubation. The change in glucose, expressed as micromoles per gm. 
of wet tissue per hour, is given in Fig. 5. Although there is considerable 
scatter of individual observations, the average rate of net glucose utiliza- 
tion is about —7 um per gm. per hour both at 15 weeks and at term. Be- 
fore 15 weeks, there are occasional placentas that show an actual net 
production of glucose. In experiments reported previously (11), glucose 
production and utilization were estimated independently, and it was found 
that glucose production was about +12 um per gm. per hour at 10 weeks 
and glucose utilization about —17 um per gm. per hour, with a net glucose 
utilization of —5 um per gm. per hour. Similar calculations for the present 
experiments show that true glucose utilization (7.e., corrected for glucose 
production) gradually decreases after 24 weeks and at term is —7.5 um 
per gm. per hour. Glucose production at term was 0 in twelve out of thir- 
teen experiments. Thus, in the present experiments, although the average 
net glucose utilization is fairly constant from 15 weeks to term, this is due 
to concomitant decreases in both glucose production and true glucose 
utilization as gestation proceeds. 

Pyruvate Utilization—The net pyruvate utilization, calculated from the 
difference in pyruvate content of the medium before and after incubation, 
of placentas at increasing ages is given in Fig. 6. It is evident that there 
is considerable variation between placentas of the same age and a slight 
decrease in net utilization after 10 weeks of development. From the dilu- 
tion of the radiopyruvate of the medium by non-radiopyruvate produced 
by the cells being incubated, one can calculate the amount of pyruvate 
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produced and the true pyruvate utilization. The differences between these 
two values are the net pyruvate utilization, given in Fig. 6. The results of 
these calculations, presented in Table I, indicate that both production and 
utilization of pyruvate increase from 7 weeks to 24 weeks and then decrease 
at term. The net utilization based on these calculations (Column 3) is 
maximum at 10 to 12 weeks and then gradually decreases to term. The 
rate at which pyruvate is produced from glucose remains essentially con- 
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Fic. 3. The glycogen content, expressed as mg. of glycogen per gm. of dry weight 
of tissue, of the placenta as a function of age. The arrow at 40 weeks indicates the 
range of the values for term placenta. 

Fic. 4. The net change in the glycogen content of placenta during incubation, 
expressed as micromoles per gm. of wet tissue per hour, as a function of the age of 
the placenta. The arrow at 40 weeks indicates the range of values for term placenta. 


stant from 7 weeks to term (Table I, Column 4). This is calculated by 
the method described previously (12) from the analyses of the vessels 
that contained radioglucose and unlabeled pyruvate initially. 

Lactate Production—The production of lactic acid by placental slices was 
calculated from its rate of appearance in the incubation medium. The 
rate of lactate production, expressed as micromoles of lactate per gm. of 
wet tissue per hour, as a function of the age of the placenta, is given in Fig. 
7. As with pyruvate utilization, there was considerable variation in the 
values obtained early in gestation, but there was a gradual decrease in 
lactate production from 10 weeks to term. 
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The source of the lactic acid was determined by experiments in which 
slices of term placenta were incubated in a variety of single substrates 
(Table II). In each experiment, each substrate was run in quadruplicate 
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Fic. 5. The net change in the glucose content of the incubation medium, ex- 
pressed as micromoles per gm. of wet tissue per hour, as a function of the age of the 
placenta. The arrow at 40 weeks indicates the range of values for term placenta, 

Fia. 6. The net pyruvate utilization by placental slices, expressed as micromoles 
per gm. of wet tissue per hour, as a function of the age of the placenta. The arrow 
at 40 weeks indicates the range of values for term placenta. 


TABLE I 
Pyruvate Metabolism of Placental Slices 


The figures are the mean + standard error, expressed as micromoles per gm. of 
wet weight per hour. 








Net 
No. of P vate produced P ein aitiens t Pyruvate produced 
fee ot, experi 'yruvate produce yruvate utilize Um ned from ghucose 
(1) (2) (3) (4) 
wks. 
7-9 8 11.8 + 1.1 19.6 + 1.7 7.8 5.7 + 0.53 
10-12 15 13.0 + 0.85 25.5 + 1.9 12.5 6.9 + 1.3 
13-15 8 17.2 + 1.4 26.6 + 2.8 9.4 6.9 + 1.1 
19-24 7 19.0 + 2.9 27.7 + 2.7 8.7 5.5 + 0.59 
Term 22 14.0 + 0.55 22.3 + 1.1 8.3 5.0 + 0.24 




















and the figures in 


breakdown of glycogen, for glycogen disappearance occurred at the rate of 
The presence of 10 mm per liter of pyruvate 


2 to 3 um per gm. per hour. 





Table II are the averages for the four determinations. 
It can be seen that with no added substrate lactate was produced at the 


rate of about 5 um per gm. per hour. This is derived primarily from the 
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in the medium resulted in the production of an additional 2 to 3 um of lac- 
tate per gm. per hour, and the presence of 11.1 mm per liter of glucose in- 
creased lactate production 6 to 7 wm per gm. per hour. Since the glucose 
is metabolized to lactate via pyruvate, the greater production of lactate 
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Fic. 7. The net lactate production by placental slices, expressed as micromoles 
per gm. of wet tissue per hour, as a function of the age of the placenta. The arrow 
at 40 weeks indicates the range of values for term placenta. 


Tas1eE II 
Lactate Production by Term Placental Slices in Vitro 
The figures represent micromoles per gm. of wet weight per hour. 

















Experiment Gas phase —— 
_ None Glucose Pyruvate Acetate Oxalacetate 
65 O: 4.94 11.9 6.13 
66 ” 4.76 10.8 6.84 
67 “s §.11 4.78 3.21 
68 2 7.06 6.38 5.03 
72 Ne 11.0 23.3 12.4 
73 i 9.05 21.1 9.58 
81 O2 4.59 13.1 8.11 
85 . 4.40 9.7 7.9 

















from a glucose substrate can be ascribed to the greater abundance of 
reduced diphosphopyridine nucleotide produced in glycolysis. Under an- 
aerobic conditions (Experiments 72 and 73) lactate production in the 
absence of added substrate was about double that found aerobically and 
lactate production from glucose was similarly doubled. The increment 
in lactate production on the addition of pyruvate under anaerobic condi- 
tions is small, even less than it is aerobically. The addition of acetate or 








120 METABOLISM OF PLACENTA IN VITRO 


oxalacetate, 10 mm per liter, to the medium decreased the accumulation of 
lactate. 

Glycerol—Since previous experiments had demonstrated that glycerol 
could be utilized by liver (13) but not by muscle (12), it was of interest to 
see what glycerol-metabolizing activity was present in the placenta. Pla- 
cental slices were incubated in the usual phosphate buffer medium to which 
glycerol-1-C™ was added to give a final concentration of 15 mm per liter. 
In some vessels 5.6 mm per liter of unlabeled glucose were also present. 
The analyses showed clearly that term placenta is unable to utilize glycerol 
in glycolysis, for no C™ was found in pyruvate isolated from the medium 
at the end of incubation, no C' was found in the respiratory CO. trapped 
in the center well alkali, and no C' was found in either the glycogen or 
tissue protein fraction isolated from the placenta after incubation. It 
would appear that term placenta has no enzyme to phosphorylate glycerol 
so that it may enter the glycolytic cycle. Aliquots of the incubation me- 
dium were treated with periodic acid to convert the glycerol to formalde- 
hyde. This was then precipitated as the dimedon, washed, dried, and 
weighed, and its radioactivity was determined. These analyses showed 
that the glycerol was almost quantitatively recoverable after incubation 
and its specific activity was unchanged. The presence or absence of glu- 
cose had no effect on the metabolism of glycerol. A small amount of C™ 
was present in the lipide fraction extracted from the placental slices. This 
lipide fraction was prepared by grinding the tissue in a glass homogenizer 
and extracting with alcohol, alcohol-ether, and ether. The extracts were 
combined and the solvents evaporated off on a water bath. The residuum 
was extracted with petroleum ether, and the petroleum ether extract was 
then washed three times with water before being plated and counted as 
the lipide. Control experiments showed that this procedure removed any 
free glycerol present and that the counts in the lipide fraction were present 
as triglycerides or phospholipides. 

Experiments with Hormones Added in Vitro—The effects observed when 
insulin (0.5 unit per ml.) was added to the medium are consistent with the 
theory that insulin accelerates the hexokinase system. The disappearance 
of glucose from the medium was increased from 8.2 + 0.84 um per gm. of 
wet tissue per hour to 11.9 + 0.91 um per gm. per hour (Table III). Gly- 
cogen synthesis in young slices was increased from 0.06 to 0.18 ym per 
gm. per hour by the addition of insulin. As in other tissues (14), insulin 
had no effect on oxygen consumption or on lactic acid production. In- 
sulin also increased glucose utilization in slices of decidua from women 
about 6 weeks pregnant from 5.7 to 7.8 um per gm. per hour, and in hyda- 
tid mole (pure chorionic villi) from 10.9 to 14.6 wm per gm. per hour. In 
five experiments with placentas 10 to 20 weeks old, the addition of in- 
sulin increased glucose utilization an average of 3.8 um per gm. per hour; 
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1 of so that instead of a net production of 1.1 wm per gm. per hour there was a 
net utilization of 2.7 um per gm. per hour. Thus an insulin effect on glucose 
erol utilization was shown by all types of placental and decidual tissue tested. 
t to Cortisone at a level of 0.3 mg. per ml. of incubation medium decreased 
Pla- glucose utilization to 6.4 um per gm. per hour and the Qo, to 1.48. Ata 
rich level of 0.1 mg. per ml., there was no effect. Aqueous adrenal extracts 
ter, (Wilson or Parke, Davis) also decreased oxygen and glucose utilization. 
ent. Similar effects of such extracts on the metabolism of rat diaphragm in vitro 
erol have been observed (15). 
ium 
ped Taste III 
1 or Effects of Hormones Added in Vitro on Metabolism of Placenta or Decidua 
It 3) gy) tian : 
erol ae hire P 5: Glucose mee) uM per gm. | Oxygen ey gr e per mg. 
me- added SE aimee 
lde- Pa & Control Hormone added Control Hormone added 
and Term placenta | Insulin 10) 8.2 + 0.84/11.9 + 0.91/2.32 + 0.17/2.08 + 0.15 
wed } Placenta, 10- “ 5| 1.1* 2.7 3.06 2.65 
tion 20 wks. 
glu- Decidua, 6 oss 4) 5.7 7.8 2.27 2.23 
Cu wks. 
rhis Hydatid mole, oe 2)10.9 14.6 1.64 2.32 
: 16-18 wks. 
zer Term placenta | Cortisone | 6] 8.7 6.4 1.92 1.48 
vere - Aqueous 4) 3.1 0.94 2.81 2.16 
lum adrenal 
was extract 
d as * Glucose production. 
any 
om DISCUSSION 
shen The present experiments show that in all the metabolic functions tested 
the the placenta at term is considerably less active than the placenta in the 
ance first half of pregnancy, and give a firm basis for the idea that the placenta 
. of is senescent at term. There are (1) an increase in the solid fraction of the 
Cly- tissue, (2) a decrease in oxygen consumption to about half the rate earlier, 
per (3) a marked decrease in the initial glycogen content of the tissue, (4) a 
sulin loss of the ability of the placenta to synthesize glycogen in vitro, (5) a de- 
In- crease in the rate of glucose utilization and a loss of the ability to produce 
men glucose, and (6) slight decreases in the rate of pyruvate utilization and 
vda- lactate production. A calculation of the fraction of the respiratory CO. 
te derived from the labeled substrate, obtained by comparing the specific 
f in- activities of the center well BaCO; and the substrate (14), showed that 
our; there was no change in this. The percentage of CO, derived from the 
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glucose of the medium was 3.7 + 0.60 in the early placentas and 4.0 + 
0.76 at term. The percertage of CO, derived from the pyruvate of the 
medium was 20.8 + 1.34 in the early placentas and 18.1 + 1.03 at term. 
Thus, although the absolute amounts of glucose and pyruvate metabolized 
by term placenta are decreased, the relative proportion of the CO, derived 
from these substrates is unchanged. 

The incubation medium used in the initial experiments with placental 
slices contained 140 mm of Nat and 5 mm of Mg** per liter. Neither term 
nor young placental slices were able to effect a net synthesis of glycogen in 
this medium. The finding that rat liver slices could synthesize glycogen 
in a potassium-rich medium (16) suggested that the placental slice might 
need extracellular potassium to synthesize glycogen. This was found to 
be true: a medium containing 50 mm per liter of K+, 80 mm per liter of 
Nat, and 10 mm per liter of Mg** permitted a net synthesis of glycogen; 
a medium containing 140 mm per liter of K+ alone did not permit glycogen 
synthesis. 

Two experiments have been carried out with tissue from hydatidiform 
moles, tissue consisting of pure chorionic villi. A hydatidiform mole re- 
sults when a fertilized egg, instead of developing normally into both an 
embryo and its placenta, develops only into placental tissue. These two 
moles, aged 16 and 18 weeks, utilized oxygen, glucose,.and pyruvate at 
slightly lower rates than normal placenta of a corresponding age. They 
had a normal initial glycogen content but lower than normal] dry weight- 
wet weight ratios; 7.e., they contained more water than corresponding nor- 
mal placenta. 

Eight experiments have been carried out with placentas from women 
with toxemia. The ages of the placentas ranged from 32 weeks to term, 
but in all respects tested, the utilization of oxygen, glucose, glycogen, and 
pyruvate, the production of lactate and COz, and in initial glycogen and 
water content, these placentas did not differ significantly from normal 
placentas of a comparable age. These results confirm and extend the 
observations of Hellman, Harris, and Andrews (5). 

The idea that the stimulus for normal birth is given in some way when 
the placenta becomes inadequate to maintain the fetus in utero has been 
prevalent in the obstetric literature for a good many years. The data 
presented here, showing that in all processes measured the placenta is 
considerably less active metabolically at term than earlier in pregnancy, 
would be consistent with that hypothesis, but of course do not prove it. 


SUMMARY 


1. The utilization and production of glucose, glycogen, pyruvate, and 
lactate by slices of human placenta aged 6 weeks to term have been studied 
in vitro. 
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2. As gestation proceeds there are a marked decrease in the glycogen 
content of the placenta and an increase in the ratio of dry to wet weight. 

3. As gestation proceeds, there are decreases in the rates of oxygen con- 
sumption, pyruvate production and utilization, glucose utilization and pro- 
duction, and lactate production. 

4, Early in gestation the placenta has a marked ability to synthesize 
glycogen in vitro. This begins to decrease at 10 to 12 weeks, decreases 
steadily through gestation, and is absent at term. 

5. Placental slices are unable to utilize glycerol and apparently lack the 
enzyme to phosphorylate glycerol. 

6. The effects of insulin, cortisone, and aqueous adrenal cortical extract 
added in vitro were observed. Insulin increases glucose utilization and 
glycogen synthesis, but has no effect on oxygen consumption or lactate 
production. Cortisone or aqueous adrenal extracts decreased both oxygen 
and glucose utilization. 

7. These observations provide a firm biochemical basis for the concept 
that the placenta is less active metabolically at term than earlier in preg- 
nancy. 
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INCORPORATION OF C“ IN THE URINARY STEROIDS 
IN VIVO* 


By FRANK UNGAR anp RALPH I. DORFMAN 


(From the Worcester Foundation for Experimental Biology, Shrewsbury, and the 
Department of Biochemistry, Boston University School of 
Medicine, Boston, Massachusetts) 


(Received for publication, March 17, 1953) 


Labeled acetate has been shown to be incorporated in yeast sterols (1), 
in ergosterol of Neurospora crassa (2), and in cholesterol in various animal 
tissues (3-7). The perfusion of acetate-1-C" through an isolated intact 
beef adrenal gland resulted in the isolation of corticosterone and hydro- 
cortisone containing appreciable radioactivity (8). Incubation of acetate- 
1-C"* with adrenal slices has resulted in the formation of C'*-labeled hydro- 
cortisone (9, 10). 

Cholesterol in turn has been indicated as a precursor of other steroids. 
Following the administration of deuterocholesterol, the deuterium was in- 
corporated in cholic acid in a cholecystonephrostemized dog (11) and in 
pregnane-3a ,20a-diol excreted in the urine by a woman in the 8th month 
of pregnancy (12). The perfusion of cholesterol-3-C“ through a beef ad- 
renal gland resulted in the isolation of radioactive corticosterone and hy- 
drocortisone (8). 

The purpose of this investigation was to determine the extent of incor- 
poration in vivo of C' in the steroid hormones following the administration 
of labeled acetic acid and labeled cholesterol to humans. Two patients in 
the terminal stages of adrenal cortical carcinoma were chosen for the study, 
since in these cases increased amounts of both Cy) and Cz; steroids are 
excreted in the urine.' 


Patients and Methods 


Patient I—This patient was a 4 year-old girl in the terminal stages of 
adrenal cortical carcinoma with extensive metastases. The patient was 
studied in collaboration with Dr. Robert B. Greenblatt and Dr. 8. Brown 
at the Medical College of Georgia, Augusta. A report on her case history 
has been published (13). 


* Presented at the Forty-third annual meeting of the American Association for 
Cancer Research, Inc., New York, April 12, 1952. 

This investigation was supported in part by grants from the Atomic Energy 
Commission, contract No. AT(30-1)-918, and the American Cancer Society. 

‘ Permission was granted by the Atomic Energy Commission to administer 0.8 
me. of C'4-carboxyl-labeled sodium acetate to Patients I and II and 20 ue. of choles- 
terol-3-C™ to Patient IT. 
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24 hour urine samples were refrigerated during collection and shipped to 
our laboratory and stored in the frozen state upon arrival. The urine 
samples were hydrolyzed and extracted by the method of Pincus (14) 
and 17-ketosteroids were determined by the Holtorff-Koch procedure (15). 
The individual samples were then combined into a control and experimental 
composite. The total neutral extracts were fractionated by treatment 
with Girard’s Reagent T and digitonin to yield the respective a-ketonic, 
B-ketonic, a-non-ketonic, and B-non-ketonic fractions. Separation and iso- 
lation of the individual steroid compounds were accomplished by means of 
chromatography. Silica gel in the ratio of 60 parts to 1 of extract, by 
weight, was used as the adsorbent. The eluting system consisted of ben- 
zene, benzene-ethyl acetate mixtures, ethyl acetate, and lastly methanol. 
Following purification by recrystallization, the steroids were identified by 
melting point determinations with authentic samples and by means of 
infra-red analyses. All melting points were determined on a Fisher-Johns 
apparatus and are uncorrected. The specific activity of the steroid com- 
pounds was determined on a Tracerlab “64” scaler with a Q gas count- 
ing chamber. Approximately 1 mg. of material was plated on aluminum 
planchets (30 mm. in diameter) and weighed on a micro balance. In all 
cases, at least 1000 counts were recorded, and the samples were recrystal- 
lized until a constant specific activity was obtained. 

Resulis—The 17-ketosteroid excretion of Patient I during the adminis- 
tration of sodium acetate-1-C" averaged 280 mg. per 24 hours. The ace- 
tate was administered intravenously on 4 consecutive days at a dosage of 
0.2 mc. per day. The total radioactivity recovered in the urinary steroid 
fractions represented 1.65 per cent of the administered radioactivity, of 
which 1.24 per cent appeared in the ketonic fractions. 

The following steroids were isolated from the urine of Patient I. The 
final constant specific activities are given in parentheses as counts per mg. per 
minute. The steroids isolated are listed in Table I, where the specific 
activity is expressed in counts per minute per millimole. 

Dehydroepiandrosterone—From the ketonic-8 fraction, dehydroepiandros- 
terone was obtained by elution of a silica gel column with benzene-ethyl 
acetate, 4:1. A total of 350 mg. of crystals melting at 148-151° was ob- 
tained. The final specific activities obtained were 2546, 2671, and 2600 
counts per mg. per minute. The melting point with a mixture of authentic 
dehydroepiandrosterone (m.p. 148-151°) did not depress the melting point. 
The acetate melted at 164-166° (2080 counts). 

38-Chloro-A-androstene-17-one—Elution of a column of silica gel con- 
taining the ketonic-a fraction with benzene-ethyl acetate, 19:1, yielded a 
total of 230 mg. of 38-chloro-A*-androstene-17-one which melted at 153- 
156° (2663, 2063, and 2510 counts). There was no depression of melting 
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point with an authentic sample. A small amount (20 mg.) melting at 
153-156° was obtained from the ketonic-8 fraction. 

Androsterone and Etiocholane-3a-ol-17-one—A total of 40 mg. of andros- 
terone melting at 176—180° (2369, 2325, and 2329 counts) was obtained 
from the ketonic-a fraction by elution of a column of silica gel with ben- 
zene-ethyl acetate, 9:1. The acetate melted at 162—164° (1955 counts). 
Further elution with benzene-ethyl acetate yielded 40 mg. of etiocholane- 
3a-ol-17-one which melted at 142°, 151-152° (2406, 2080 counts). The 
acetate melted at 95-97° (1981 counts). 




















TaBLeE I 
Urinary Steroids Isolated Following Administration of 0.8 mc. of CH;:C“%OONa to 
Patient I 
Specific activity® 
Compound isolated Weight M.p. PY: ‘ 
Free |Acetates 
mg. c. 
Dehydroepiandrosterone................... 350 148-151 7.5 | 7.0 
38-Chloro-A5-androstene-17-one............ 230 153-156 7.7 | 
A’-Androstene-38,178-diol.................. 20 172-176 7.7 | 8.5 
Compound 264-267°....................0 08. 5 264-267 7.7¢ | 7.8t 
Etiocholane-3a-ol-17-one...................} 40 142, 151-152 | 6.1 | 6.6 
REE Sy er es 40 176-180 6.8 | 6.6 
38-Chloro-A*-androstene-178-olf............ 50 161-164 3.0 3.0 
A’-Pregnene-38,20a-diolf................... 4 174-176 3.8 | 
Compound 260-262°f ..................000. 1.5 | 260-262 2.0§ | 3.2§ 








* Counts per minute per millimole X 105. 

¢ Calculated on the basis of a Cz: triol. 

t These samples were obtained from a pool of the control and experimental urines. 
§ Calculated on the basis of a C2; monoalcohol. 


A®-Androstene-38 ,178-diol—From the non-ketonic-8 fraction, 20 mg. of 
A‘-androstene-38 ,178-diol were eluted from a column containing silica gel 
with benzene-ethyl acetate, 9:1. The crystals melted at 172—176° (2332, 
2740, 2613 counts). The diacetate melted at 153-155° (2340 counts). 
There was no depression in the melting point when the free compound or 
its diacetate was mixed with authentic samples. 

38-Chloro-A*-androstene-178-ol—The 38-chloro-A*-androstene-178-ol (16, 
17) was obtained from the non-ketonic-a fractions of the control and ex- 
perimental urines. A total of 50 mg. of crystals was eluted from a column 
containing silica gel with benzene-ethyl acetate, 19:1. The crystals melted 
at 161-164° and had a specific activity of 968 counts per mg. per minute. 
The acetate melted at 184—186° (858 counts). 

The identity of this compound was established by the reduction with 
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128 c! IN URINARY STEROIDS 
sodium borohydride of a sample of radioactive 36-chloro-A*-androstene- descr 
17-one, m.p. 153—156° (503 counts), previously isolated in this study. The extra 
product melted at 165-168° (535 counts). The acetate melted at 185-187° one « 
(458 counts). There was no depression of melting point when the isolated 
compound or its acetate was mixed with the synthetic samples. Infra-red 
analysis confirmed the identity of the isolated and the synthetic compound 
as 36-chloro-A®-androstene-178-ol. The compound is considered to be an 
artifact of A®-androstene-36 ,178-diol arising from the hydrochloric acid Da 
hydrolysis of the urine. 

A®-Pregnene-38 ,20a-diol—Elution of a column of silica gel containing 
the ketonic-6 fraction with benzene-ethyl acetate, 4:1, yielded crystals 
melting at 235-245°. The product could not be purified and was retreated Dec. 
with Girard’s Reagent T and digitonin. Similar fractions from the control 
urine were added to the above mixture to obtain sufficient material. The 
non-ketonic-8 fraction yielded 4 mg. of A*-pregnene-38 , 176-diol melting at 
174-176° (1210 counts). A mixture of the crystals with an authentic “ 
sample of A*-pregnene-38 ,178-diol (m.p. 175-176°) melted at 174—176°. “ 
Infra-red analyses confirmed the identity of the compound as A°-pregnene- . 
36 ,178-diol. - 

The crystals obtained in the ketonic-a fraction are described below. 

Compound 260-262°—The ketonic-a fraction obtained’ from the proce- 
dures described in the preceding section yielded 1.5 mg. of crystals melting 
at 260-262° (630 counts). An acetate was prepared which had a melting 
point of 214-217° (884 counts). Infra-red analysis of the free compound 
and its acetate indicated a saturated ring structure with a 20-keto group. done 
It was not further identified. 

Compound 264-267°—Elution of a column of silica gel containing the 
H non-ketonic-8 fraction with benzene-ethyl acetate, 1:1, yielded 5 mg. of 
crystals melting at 264-267° (2323 counts). The acetate was prepared 
and melted at 199—-202° (1739 counts). Infra-red analysis of the free com- 
pound and its acetate indicated a C2, compound with two or more hydroxyl 


groups. It was not further identified. sir 
Patient II—The second patient in this study was a 54 year-old woman in Et 
the terminal stages of adrenal cortical carcinoma with metastases. The Ket 
study was made in collaboration with Dr. E. B. Astwood at the New i 
England Hospital Center, Boston. “CQ 
The experimental details concerning the administration of cholesterol- ne 
3-C" and sodium acetate-1-C“ to Patient II are presented in Table II. 
The cholesterol-3-C" was mixed in butter and fed to the patient on 2 A 
consecutive days. The sodium acetate-1-C' was injected intravenously frac 
in one dose. trat 


Results—The urine samples were collected and treated in the manner 
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described for Patient I. No 6-ketosteroids were isolated from the urinary 
extracts and only small amounts of androsterone and etiocholene-3a-ol-17- 
one could be isolated. 


TaBLeE II 
Administration of Cholesterol-3-C'* and CH;C“OONa to Patient II 





Cholesterol isolated 


Date Treatment ain sta 
Stool Blood 
counts counts counts per me. 
i a 
Dec. 2 | C'*-cholesterol, 1 gm., 10,690 counts 1341 30 
per mg. per min. 
“ 3 , C*-cholesterol, 1 gm., 13,412 counts 5180 82 5 
per mg. per min. 
« 424/)0 4526 257 20 
= 2 Te 1835 112 28 
« 6 | CH;C“OONa, 0.8 me. 62 118 71 
* Fe 284 129 | 179 
ss Bole 227 | 116 
Se | 114 
« 10 0 135 








TaB.e III 


Radioactivity Recovered in Urinary Steroids Following Administration of 
Cholesterol-3-C and CH;C“OONa to Patient II 








metas bie CHsC“OONa, 0.8 me. 


Urine fractions | 


| 








Weight Sree | Weight we 
-_ er “= ber me. | mg. mate eal 
Ketonic-a res ha Cb Ace, MENS ab | 429 295 
ee 10 18 3.3 95 
Etiocholanolone........... ....... 3 23 
eS Ee ee eee 1.6 38 1 108 
Non-ketonic-a...... oe Sale Ups. a 2! ..| 119 24 116 88 
Non-ketonic-8... : ‘sem 5 5 60 
Cholesterol : Ae: 2 252 


ia aree.® Tye 5 CA ee me es , | 








Androsterone and Etiocholane-3a-ol-17-one (Table III)—The ketonic-a 
fraction of urine collected during the period of cholesterol-3-C™ adminis- 
tration was chromatographed on a column of silica gel. Elution with 
benzene-ethyl acetate, 14:1, yielded 10 mg. of androsterone which melted 
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at 180-183° (18 counts). Further elution with benzene-ethyl acetate, 9:1, 
yielded 3 mg. of etiocholane-3a-ol-17-one which melted at 149-151° (23 
counts). 

The ketonic-a fraction of urine collected during the period of sodium 
acetate-1-C" administration was chromatographed on a column of silica gel. 
Elution with benzene-ethyl acetate, 9:1, yielded 3.3 mg. of androsterone 
which melted at 178-181° (95 counts). 

Cholesterol (Table II)—The daily stool samples and 10 ml. samples of 
blood obtained from Patient II for cholesterol isolation were treated with a 
methanolic solution of 10 per cent potassium hydroxide. The samples were 
diluted 20-fold with a 50 per cent methanol solution and extracted thor- 
oughly with pentane. The pentane extract was treated with digitonin, 
the precipitate hydrolyzed, and the cholesterol obtained was recrystallized 
from methanol four times. The crystals melting at 146-148° were then 
prepared for counting. 

A sample of cholesterol was obtained from the non-ketonic-8 fraction of 
the urine (Table III) collected during the cholesterol-3-C" administra- 
tion. Following recrystallization from methanol four times, the cholesterol 
melted at 147-149° and had a specific activity of 252 counts per mg. per 
minute. 


DISCUSSION 


The administration of CH;C“OONa in two cases of adrenal cortical 
carcinoma has revealed that the carboxyl carbon of acetate is readily in- 
corporated into the steroid structure in the human. The A®-unsaturated 
steroids isolated from the urine of Patient I, dehydroepiandrosterone, 38- 
chloro-A*-androstene-17-one, A5-androstene-38 , 178-diol contained the same 
specific activity. This specific activity was slightly higher than that ob- 
tained for androsterone and etiocholane-3a-ol-17-one isolated from the 
same urine. Although this suggests that all these steroids are derived 
from the same common precursor, the possibility of other pathways of 
synthesis from acetate should be considered. 

A great variation is shown as to the extent of incorporation of acetate 
into the steroids excreted by each of the two patients. The dosage of 
acetate-1-C'4 administered was the same for both, but the specific activity 
in the crystalline steroids isolated from Patient I was 20 times that found 
in the urine of Patient II. The low specific activity of the steroids isolated 
from the urine of Patient II could be due to the fact that the sodium 
acetate-1-C" was diluted to a greater extent, since it was administered in 
one dose. Patient I received four injections of sodium acetate-1-C™ over 
a 4 day period. 

A marked difference in the pattern of steroid excretion existed for the 
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two patients. No 8-ketosteroids were isolated in Patient II, in contrast 
to the predominance of the §-ketosteroid fraction of Patient I. The two 
patients were diagnosed as having adrenal cortical carcinoma with exten- 
sive metastases. Both demonstrated high values for 17-ketosteroid excre- 
tion and obvious signs of masculinization. At the time of the experiments 
both patients were in the terminal stages of the disease and died shortly 
after the conclusion of the experiment. Several cases of adrenal cortical 
carcinoma have been reported in which the 6-ketosteroids were of low 
normal values (18, 19). Patient II was of this type. 

The steroid fractions isolated in the urine of Patient IT after administra- 
tion of cholesterol-3-C™“ had minimal activity. No positive statement can 
be made regarding the origin of the steroid carbon. Although a sample of 
cholesterol isolated from the urine had a specific activity at the same level 
as the blood cholesterol, androsterone and etiocholanolone isolated during 
this period had only one-tenth the specific activity of the cholesterol. 
Thus, the steroids could arise from breakdown products of the administered 
cholesterol, as well as from cholesterol more directly. The fact that the 
specific activity of the isolated androsterone and etiocholanolone was dis- 
tinctly lower than that of the urine or blood cholesterol, indicates that 
cholesterol is not an obligatory intermediate in the biogenesis of the ster- 
oids. A definite and sharp increase in the specific activity of the steroid 
fractions occurred when labeled acetate was administered. During this 
period the specific activity of the steroid fractions was at the same level of 
specific activity as for the isolated blood cholesterol. Since in this case 
the labeling could possibly occur by at least two pathways, one through 
cholesterol as an intermediate and a second independent pathway, further 
studies would have to be made to decide the issue. 

The cholesterol obtained from stool samples was approximately 10 per 
cent of the administered dose. This probably represents unabsorbed cho- 
lesterol. From the specific activity it is apparent that there was a 24 to 
48 hour lag in the excretion of cholesterol, and the blood cholesterol reached 
a peak during the same interval. This is in agreement with other studies 
(20) in which the rate of appearance of C'-cholesterol in the blood of 
humans reached a maximum in 2 days. 


SUMMARY 


The incorporation of C'*-carboxyl-labeled acetate into the steroid com- 
pounds isolated from urine has been investigated in two female patients 
in the terminal stages of adrenal cortical carcinoma. In addition, cho- 
lesterol-3-C™ was administered orally to Patient IT and the isolated steroid 
fractions were examined for radioactivity. 

The carboxyl carbon of acetate was readily incorporated into the steroid 
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compounds. The compounds isolated from the urine of Patient I having 
a specific activity of 2000 to 2600 counts per mg. per minute were andros- 
terone, etiocholanolone, dehydroepiandrosterone, 38-chloro-A*-androstene- 
17-one, A’-androstene-38 , 178-diol, 38-chloro-A*-androstene-178-ol, A*-preg- 
nene-38 ,20a-diol, and two additional unidentified steroids. Following the 
administration of cholesterol-3-C™ only a minute amount of radioactivity 
was detected in the isolated steroids. 

The relationship of acetate and cholesterol to steroidogenesis is discussed. 


We are indebted to Dr. H. Rosenkrantz for the interpretation of the 
infra-red data and to Mr. C. Baker for the preparation of the sodium 
acetate-1-C™ and for counting the radioactive samples. The cholesterol- 
3-C™ was generously supplied by Dr. E. Schwenk. Androsterone was 
generously supplied by Ciba Pharmaceutical Products, Inc. 
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DEGRADATIVE STUDIES ON VASOPRESSIN AND 
PERFORMIC ACID-OXIDIZED VASOPRESSIN * 


By EDWIN A. POPENOE{ ann VINCENT pu VIGNEAUD 


(From the Depariment of Biochemistry, Cornell University Medical 
College, New York, New York) 


(Received for publication, June 15, 1953) 


Application of the technique of counter-current distribution to the puri- 
fication of the pressor principle from beef posterior pituitary glands has 
afforded preparations with potencies of over 400 pressor units per mg. (1). 
Analysis of hydrolysates of such preparations for constituent amino acids 
by chromatography on starch has shown that they contain approximately 
equimolar amounts of the eight amino acids, phenylalanine, tyrosine, pro- 
line, glutamic acid, aspartic acid, glycine, arginine, and cystine, and ap- 
proximately 3 moles of ammonia per mole of any one amino acid.!' Traces 
of other amino acids, including leucine and isoleucine, could also be de- 
tected. 

In one instance (3) a vasopressin preparation was obtained which con- 
sistently showed about 600 units per mg. in both the pressor and the anti- 
diuretic assays. A hydrolysate of this preparation contained the eight 
amino acids listed above, but no detectable amounts of any other amino 
acids. It was of particular significance that no leucine or isoleucine was 
detectable, which indicated that the preparation was free of oxytocin and 
that the oxytocic activity of vasopressin represented an inherent biological 
property (3). 

A number of samples of vasopressin, prepared by the above procedures 
and giving equally good amino acid analyses, have shown 400 to 500 pressor 
units per mg. The lower potencies of such preparations might be due to 


* Appreciation is expressed to the Lederle Laboratories Division, American Cyan- 
amid Company, for a research grant which has aided greatly in this investigation, 
and to Eli Lilly and Company, Parke, Davis and Company, and Armour and Com- 
pany, for gifts of posterior pituitary material. 

+ Postdoctorate Research Fellow of the National Institutes of Health, United 
States Public Health Service, 1950-52. 

1 A pressor preparation isolated from hog posterior pituitary glands had a similar 
amino acid composition, except that lysine was present and arginine was absent (2). 
It is tentatively suggested that the pressor principle containing an arginine residue 
be termed arginine vasopressin and the principle containing a lysine residue be 
termed lysine vasopressin. Efforts are being made to ascertain whether lysine vaso- 
pressin can be found in beef glands and arginine vasopressin in hog glands, or 
whether a qualitative species difference exists. In the studies described here, only 
arginine vasopressin was used. 
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partial inactivation by very minor alterations in the vasopressin structure 
incurred during the purification processes and resulting in a loss of ac- 
tivity. In fact, Turner, Pierce, and du Vigneaud (1) reported that a 
solution of a preparation of about 500 units per mg. yielded, upon concen- 
tration and lyophilization, a preparation of about 400 units per mg. It 
would not be surprising if material inactivated in such a subtle way would 
be extremely difficult to separate from the active peptide by counter-cur- 
rent distribution. Of course the difficulties in the bioassay of vasopressin 
must be borne in mind, although the 600 unit material was repeatedly 
assayed for pressor activity in our laboratory and checked in another 
laboratory by both pressor and antidiuretic assay (3). 

Since material of 600 units per mg. has so far not been available in the 
amounts needed for degradative studies, preparations of approximately 
500 units per mg. have been used in the present study. The performic 
acid-oxidized vasopressin prepared from the 500 unit material was further 
purified by a 250 transfer counter-current distribution between sec-butyl 
alcohol and 0.05 per cent acetic acid. The distribution curve of the oxi- 
dized vasopressin agreed closely with the theoretical curve for a homoge- 
neous substance. Furthermore, this purified performic acid-oxidized vaso- 
pressin had the amino acid composition and molar ratios listed above for 
vasopressin, except that 2 moles of cysteic acid replaced 1 mole of cystine. 


EXPERIMENTAL 


Oxidation of Vasopressin with Performic Acid—The performic acid used 
in these experiments was prepared as previously described (4). 54 mg. 
of a vasopressin preparation with a potency of approximately 500 units per 
mg.? were treated with 11 ml. of performic acid for 45 minutes in an ice- 
salt bath at —10 to —15°. At the end of the reaction, 50 ml. of cold 
water were added and the solution was quickly frozen and lyophilized. 
When the product was dry, an additional 10 m]. of water were added and 
the lyophilization was repeated. The resulting white solid was then sub- 
jected to counter-current distribution between peroxide-free sec-butyl] al- 
cohol and 0.05 per cent acetic acid in a 110-tube, all-glass counter-current 
distribution machine (5). A peak of material showing a high absorption 
at 275 my, but giving no ninhydrin reaction, moved out of the machine 
well ahead of the ninhydrin-reactive material. Its partition ratio (K) 
was 2.1. The material probably came from the performic acid since, in 
successive experiments, the size of the peak varied with the amount of the 
reagent used. 


? Pressor assays were made by comparing the effects of each preparation with 
that of standard posterior pituitary powder, U.S. P., on the arterial blood pressure 
of cats under phenobarbital anesthesia. 
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The distribution pattern after 250 transfers is shown in Fig. 1. For 
determination of the optical density curve at 275 my, 3 ml. of the lower 
phase were removed from appropriate tubes and diluted with 1 ml. of 
water, and the optical density was measured in a Beckman model DU spec- 
trophotometer. Ninhydrin color values were determined by the method 
of Moore and Stein (6) on 1 ml. aliquots of the solutions used for the ultra- 
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Fig. 1. Counter-current distribution of the reaction mixture after oxidation of a 
vasopressin preparation with performic acid. 250 transfers. Solvents: sec-butyl 
alcohol and 0.05 per cent acetic acid; @, optical density at 275 my; A, ninhydrin 
color, optical density at 570 my; dot-dash line, theoretical curve. For details, see 
the text. 


violet absorption measurements. The position of the principal peak in- 
dicated a K of 0.25. 

The contents of Tubes 40 to 60 inclusive were combined, concentrated 
to a small volume on a rotary concentrator (7), and finally lyophilized to 
give 35 mg. of a fluffy white powder. This is the “‘performic acid-oxidized 
vasopressin”’ used in the experiments which follow. A sample was hy- 
drolyzed and submitted to quantitative amino acid analysis by the starch 
column chromatographic method of Moore and Stein (8). The results of 
the analysis are given in Table I, Column 3. Performic acid-oxidized 
vasopressin had no effect on the blood pressure of a cat when injected in 
the usual assay procedure. 
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The material from Tubes 27 to 36 weighed 12.3 mg. Paper chroma- 
tography of a hydrolysate of this material gave no indication of the pre- 
dominance of any of the amino acids. All of the amino acids of performic 
acid-oxidized vasopressin were present along with the amino acids (leucine 
or isoleucine, valine, and alanine) which were present as trace contami- 


TaBLe I 
Starch Column Analyses 








Molar ratios* 
































DNP | | 
Constituent Vane. DNP Bongo | — Ran — Possess enn 
Ipressint| Vaso. || Oxidized | oridized |,f°0™ | frag | o oa ste | Si : 
pressin onain tion ment |° 1 sf 2”| - res 
| (1) (2) (3) a | © | © |@]@)| ® | 40 
| |] |] | ——$ | ——__ | —_—__ | —_}_ — | 
Ta Sarg 0.96 | 0.89 | 0.93 0.95 0.86 0.21 1.10/0.92)/0.94 1.16 
Tyrosine. .... ..| 0.74 | 0.05 | 0.89 0.75}0.31/0.25/0.26 
O-DNP-tyrosine 0.78 0.90 | 
Proline ' ; 1.04 | 0.93 | 1.13 1.10 1.01 | 1.03 1 .02/0..80/0 .99|1.14 
Glutamie acid. ...., 1.08 | 0.98 | 1.00f | 1.00f | 1.04 1.00T/0.95)0.85'0.98}1 .03 
Aspartic ‘ ‘ 1.03 | 06.91 | 1.07 1.07 1.00§ | 0.91 |0.97 0.90\0 .94)0.95 
Glycine 1.00 | 1.00 | 1.00 | 1.00 | 1.00 1.00 |1.00)1.00)1 .00}1 .00 
Arginine ..., 0.98 | 0.89 | 0.97 | 1.01 | 0.87 | 0.88 |1.00/0.98)1.05)0.98 
Cystine -...) 0.73 | 0.12 | | | 
Cysteic acid asd | 1.77f 1.22] | 0. 906 | 0.82t/1.17|1.06)1.20)1 .22 
Ammonia........... 3.08 | 3.18 | 3 3.05 | 





a4 | i j285} 0} i} a I 

” Glycine i is arbitrarily assigned a value of 1.00. 

+t Approximately 0.05 mole of leucine or isoleucine, or a mixture of these, was 
also detected. Column 1 is the analysis of the vasopressin preparation used. 

t The glutamic acid and cysteic acid peaks were overlapping. Glutamic acid 
was assigned a value equal to that of glycine and the value for cysteic acid was calcu- 
lated by difference. 

§ The aspartic acid and cysteic acid peaks were overlapping. Aspartic acid was 
assigned a value equal to that of glycine and the value for cysteic acid was calculated 
by difference. 

|| The value for ammonia was unreliable and so is not included. 





nants in the original vasopressin preparation (1). This slower moving 
peak is probably due to accumulated impurities and decomposition products 
formed during the oxidation. 

It was found that a preparation of vasopressin, assaying about 350 units 
per mg. and containing contaminants which in this particular preparation 
could not be removed by counter-current distribution in the butanol- 
toluenesulfonic acid system (1), could serve as starting material in the 
preparation of performic acid-oxidized vasopressin. When this vasopressin 
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was oxidized and distributed as described above, a peak of material showing 
the same partition ratio was obtained. The amino acid analysis was 
identical, within limits of experimental error, to that given in Table I, 
Column 3. The distribution pattern differed from that of Fig. 1 in the 
presence of considerably more material spread throughout the first thirty- 
six tubes. Undoubtedly this was the original contaminating material, or 
oxidized products derived from it. 

Chromatography of Performic Acid-Oxidized Vasopressin—A sample of 
the material (1.4 mg.) dissolved in 0.5 ml. of 0.01 Nn HCl was placed on a 
column of 2 per cent cross-linked Dowex 2,* 200 to 400 mesh, 0.9 X 15 cm., 
which had been equilibrated previously with 0.015 n HCl. The sample 
was washed into the column with three 0.3 ml. portions of 0.015 n HCl. 
Development was continued with this solvent at a flow rate of 3 ml. per 
hour and the effluent was collected in 1 ml. fractions on an automatic 
fraction collector. Quantitative ninhydrin determinations on 0.2 ml. ali- 
quots of each fraction showed that the substance emerged as a single, 
symmetrical peak with maximal concentration at 26 effluent ml. A starch 
column analysis of the material in this peak showed the amino acids and 
ammonia of performic acid-oxidized vasopressin to be present in the origi- 
nal proportions, 

Performic acid-oxidized vasopressin also moved as a single substance 
in two-dimensional paper chromatography‘ with Rp = 0.08 with “butanol- 
acetic acid” and Ry = 0.86 with phenol. 

Action of Dinitrofluorobenzene (DNFB) on Performic Acid-Oxidized Vaso- 
pressin—To a solution of 2.0 mg. of performic acid-oxidized vasopressin 
and 5.0 mg. of NaHCO; in 0.3 ml. of water was added a solution of 0.005 
ml. of DNFB in 0.5 ml. of 95 per cent ethyl alcohol. After 3.5 hours at 
20-25°, the solution was concentrated in vacuo until the ethanol was re- 
moved. The aqueous solution was then extracted with three portions of 
ether, made acid to Congo red by the addition of n HCl, and again ex- 
tracted, once with ether and twice with ethyl acetate. After removal of 
residual organic solvents in vacuo, the DNP®-performic acid-oxidized vaso- 
pressin was separated from salt by adsorption on and elution from talc, as 


3 The authors are indebted to Dr. Stanford Moore for a sample of this resin and 
for his helpful advice concerning its use (E. Schram, 8. Moore, and E. J. Bigwood, 
unpublished data). 

* Exeept where specified, two-dimensional, ascending paper chromatograms were 
used in this work. The solvent in the first direction (designated ‘‘butanol-acetic 
acid’’?) was prepared immediately before use by equilibrating 5 volumes of n-butyl 
alcohol, 5 volumes of water, and 1 volume of glacial acetic acid. The two phases 
were separated and the upper phase was used. In the second direction a mixture 
composed of 75 per cent phenol and 25 per cent water (weight per weight) was used. 

5 DNP, dinitrophenyl. 
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described by Sanger and Tuppy (9). For amino acid analysis it was hy- 


drolyzed in 2 ml. of constant boiling HCl for 18 hours under a reflux in an | 


atmosphere of nitrogen. The results of a starch column analysis of this 
hydrolysate are shown in Table I, Column 4. 

Treatment of Vasopressin with DNFB—A vasopressin preparation (1.5 
mg., approximately 500 pressor units per mg.) was treated with DNFB 
in a manner similar to that already described for performic acid-oxidized 
vasopressin. After 4 hours at 20-25°, the mixture was concentrated to 
dryness in vacuo and 1 ml. of water was added. The resulting suspension 
was washed with three 1 ml. portions of ether and again concentrated to 
dryness in vacuo. The residue was hydrolyzed in 2 ml. of constant boiling 
HC] at 120° for 72 hours in a sealed tube under nitrogen. The hydrolysis 
mixture was then concentrated to dryness in an evacuated desiccator over 
H.SO, and NaOH pellets. The results of the starch column analysis are 
given in Table I, Column 2. In a control experiment in which only the 
DNFB in the above reaction was omitted, no detectable loss of pressor 
potency was encountered. 

Action of Bromine Water on Performic Acid-Oxidized Vasopressin—To a 
solution of 2.3 mg. of performic acid-oxidized vasopressin in 4 ml. of water, 
cooled in an ice bath, saturated bromine water was added dropwise until 
there was a distinct excess. After 1 hour in the ice bath, the solution was 
evaporated to dryness and the residue was distributed equally over five 
paper strip chromatograms which were developed with the “‘butanol-acetic 
acid” solvent system. When one of these strips was sprayed with the 
ninhydrin reagent, one purple spot, Ry = 0.11, was immediately evident. 
Two additional very faint spots, Ry = 0.36 and Rp = 0.43, were visible after 
3 days. Areas corresponding to these spots were eluted from the remaining 
four strips and each was hydrolyzed in 1 ml. of constant boiling HCl by 
heating at 130° overnight in a sealed tube under nitrogen. Starch column 
analysis of the hydrolysate of the principal spot, Ry = 0.11 (Table I, 
Column 5), showed that the product differed from the original performic 
acid-oxidized vasopressin in that tyrosine (or dibromotyrosine, which would 
be expected) was completely absent and, instead of approximately 2 moles 
of cysteic acid per mole of each of the other amino acids, there was present 
only about 1 mole. Only one-third of the missing dibromotyrosine and 
two-thirds of the missing cysteic acid could be accounted for in the areas 
corresponding to the two fainter spots. Apparently considerable decom- 
position had taken place during the fragmentation. 

For determination of the N terminal amino acid residue of the principal 
product, a sample was prepared by bromination of performic acid-oxidized 
vasopressin and separation of the reaction products by paper chromatog- 
raphy as described above. The material eluted from the Rp = 0.11 area 
of the paper chromatogram was treated with DNFB, and the reaction 
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mixture was worked up in the manner already described for DNFB treat- 
ment of performic acid-oxidized vasopressin. The results of the starch 
column analysis of the hydrolysate are shown in Table I, Column 6. The 
only significant change effected by the DNFB treatment was a reduction in 
the relative amount of phenylalanine present. 

Edman Degradation of Performic Acid-Oxidized Vasopressin—The step- 
wise removal of amino acid residues from the N terminal end of peptide 
chains by successive formation of phenyl thiohydantoins has been described 
by Edman (10). The stepwise degradation of performic acid-oxidized 
vasopressin was carried out by Edman’s original procedure with minor 
modifications. For this purpose 8.9 mg. of performic acid-oxidized vaso- 
pressin were dissolved in 2 ml. of 1:1 pyridine-water containing 3 mg. of 
brom thymol blue per 100 ml. It was found convenient to carry out all 
manipulations in a 15 ml. centrifuge tube to eliminate the need for trans- 
ferring the material and to facilitate subsequent extractions. Throughout 
the reaction the tube was maintained in a water bath at 40°. 0.035 ml. 
of pheny] isothiocyanate was added and the mixture was shaken frequently 
and vigorously for an hour. The solution was maintained at about pH 8.6 
by addition of 0.1 Nn NaOH. After an hour a second 0.035 ml. portion of 
phenyl isothiocyanate was added, and the mixture was held in the water 
bath for an additional hour. The pyridine and excess reagent were then 
removed by extraction with benzene. The aqueous solution was lyophil- 
ized and stored overnight over P.O; under a high vacuum. 

For formation of the phenyl! thiohydantoin of the N terminal amino acid, 
2 ml. of dry nitromethane previously saturated with HCl were added, and 
the tube was maintained in the 40° water bath for an hour with exclusion 
of atmospheric moisture. The precipitate was then separated by cen- 
trifugation, washed repeatedly with ether, and dissolved in 1 ml. of water. 
(In subsequent steps it was found necessary to use 50 per cent acetic acid 
at this stage because of the insolubility of the product in water.) One-fifth 
of the solution was withdrawn for hydrolysis and starch column analysis. 
The remainder was lyophilized in preparation for a second application of 
the Edman procedure. 

The second, third, and fourth applications of the Edman procedure were 
carried out in the manner described above. After the second application, 
one-fourth of the material was withdrawn for hydrolysis and amino acid 
analysis. After the third application, one-third was taken, all of the re- 
mainder being used for the fourth analysis. The results of these analyses 
for amino acids on starch columns are shown in Table I, Columns 7 to 10. 


DISCUSSION 


Evidence that vasopressin contains a disulfide linkage was presented 
several years ago (11) when it was shown that it could be reduced by 
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cysteine, and that, when reduced, but not before, the activity could be de- 
stroyed by treatment with benzyl chloride. In order to determine whether 
rupture of the disulfide bond would lead to one component or to more than 
one, a high potency vasopressin preparation has now been oxidized with 
performic acid and the reaction mixture has been subjected to counter- 
current distribution. The principal peak of the distribution pattern (Fig. 
1) corresponded closely to the theoretical curve calculated for a homogene- 
ous substance. The material in this peak had the same amino acid com- 
position as vasopressin, except that in place of 1 residue of cystine there 
were 2 residues of cysteic acid. 

In order to test further the apparent homogeneity of performic acid- 
oxidized vasopressin, it was subjected to two-dimensional paper chroma- 
tography and to column chromatography on the anion exchange resin 
Dowex 2. The product appeared to behave as a homogeneous substance 
in both systems. 

It had previously been shown (4, 12) that oxytocin likewise yielded a 
single component on performic acid oxidation, in contrast to insulin (13). 
Thus, in this respect vasopressin was found to resemble oxytocin. 

Sanger’s well known technique for the determination of the free amino 
groups of polypeptides and proteins (14) proved effective in the study of 
both vasopressin and the performic acid-oxidized vasopressin derived from 
it. When a high potency vasopressin preparation was treated with DNFB, 
analysis of a hydrolysate by starch column chromatography showed that 
six of the original eight amino acids remained in approximately equimolar 
amounts (Table I, Column 2). Tyrosine had been replaced by O-DNP- 
tyrosine and the amount of cystine present had been reduced to approxi- 
mately 0.1 mole per mole of each of the other amino acids. It would 
appear that the amino groups of phenylalanine, tyrosine, proline, glutamic 
acid, aspartic acid, glycine, and arginine in this vasopressin preparation 
were not free to react with DNFB. 

The results obtained by treatment of performic acid-oxidized vasopressin 
with DNFB buttress those that had been obtained when vasopressin it- 
self was used. The six amino acids which were not affected in the vaso- 
pressin preparation remained in approximately equimolar amounts in the 
hydrolysate of performic acid-oxidized vasopressin which had been treated 
with the reagent. Tyrosine was replaced by O-DNP-tyrosine and the 
amount of cysteic acid present was reduced from 2 moles to 1 mole (Ta- 
ble I, Column 4). 

The similarity between arginine vasopressin and oxytocin is evident. 
Oxytocin has been shown to be made up of residues of the amino acids 
leucine, isoleucine, tyrosine, proline, glutamic acid, aspartic acid, glycine, 
and cystine in equimolar amounts, plus 3 moles of ammonia per mole of 
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any one amino acid (15). Hydrolysates of oxytocin thus differ from those 
of vasopressin only in that they contain leucine and isoleucine instead of 
phenylalanine and arginine. It has been reported (16, 12) that oxytocin 
reacts with DNFB to convert the tyrosine residue to an O-DNP-tyrosine 
residue and to reduce the amount of cystine found after hydrolysis from 1 
mole to 0.5 mole per mole of each other amino acid. Corroborative evi- 
dence has likewise been obtained from end-group studies on performic acid- 
oxidized oxytocin (12) as well as on oxytocin desulfurized with Raney’s 
nickel (16). 

It was felt that the apparent parallelism between the two hormones 
should be tested further. Performic acid-oxidized oxytocin had been found 
by Mueller, Pierce, and du Vigneaud (17) to undergo a cleavage of the 
molecule by the action of cold bromine water. Two fragments were 
produced, one containing residues of cysteic acid and dibromotyrosine, and 
the other containing residues of leucine, isoleucine, glutamic acid, aspartic 
acid, proline, glycine, and cysteic acid. In further studies on this interest- 
ing point by Ressler, Trippett, and du Vigneaud (12), it was found that the 
former (small) fragment was 8-sulfoalanyldibromotyrosine, and that in the 
latter (large) fragment the amino acid carrying the free amino group was 
isoleucine. 

As described in the ‘‘Experimental”’ section, treatment of performic acid- 
oxidized vasopressin with bromine water also brought about a fragmenta- 
tion of the molecule. One product of the reaction could readily be isolated 
by paper chromatography. Analysis of a hydrolysate of this product by 
chromatography on starch showed the presence of the seven amino acids, 
phenylalanine, proline, glutamic acid, aspartic acid, glycine, arginine, and 
cysteic acid, in approximately equimolar amounts. This fragment appears 
to correspond to the large fragment obtained by bromination of performic 
acid-oxidized oxytocin, with leucine and isoleucine replaced by arginine 
and phenylalanine. When this fragment derived from vasopressin was 
treated with DNFB, only the amount of phenylalanine in the hydrolysate 
was significantly reduced, the other amino acids remaining in molar ratios 
to each other of approximately 1:1. Phenylalanine thus appears to occupy 
a terminal position corresponding to the position of the isoleucine residue 
in the large fragment from performic acid-oxidized oxytocin. 

Production of this “large fragment” by treatment of performic acid-oxi- 
dized vasopressin with bromine water involves the loss of 1 mole of cysteic 
acid and 1 mole of dibromotyrosine. By analogy with oxytocin a ‘“‘small 
fragment,” 6-sulfoalanyldibromotyrosine, might be expected as one of the 
products of the reaction. However, a pure fragment of this nature was not 
found on the chromatograms. It was evident that considerable decom- 
position took place concomitant with the fragmentation. Several attempts 


2x 


pO EN Oe AF Srs ea eS 


£Neg EST 


satin ed 


j 
\ 
f 


wedten <xee 


eee am 


pein «8 





142 ARGININE VASOPRESSIN 


to find conditions which would bring about the cleavage of the molecule 
and still produce a component containing equimolar amounts of cysteic 
acid and dibromotyrosine were without success. 

Since, in performic acid-oxidized vasopressin, the only free amino group 
found by treatment with DNFB was on 1 of the 2 residues of cysteic acid, 
and since the single residue of cysteic acid in the large fragment did not 
bear a free amino group, it seems probable that the residue of cysteic acid 
which was terminal in the performic acid-oxidized vasopressin was the same 
residue which was removed by treatment with bromine water. Further 
insight into the structure of this end of the molecule is provided by the 
results of the Edman degradation studies on performic acid-oxidized vaso- 
pressin. 

The amino acid analyses of the residues left after each of four successive 
applications of the Edman method to a sample of performic acid-oxidized 
vasopressin are shown in Table I, Columns 7 to 10. When the values 
in these columns are compared with that for the original performic acid- 
oxidized vasopressin (Column 3), it can be seen that Step 1 resulted only 
in diminution of the relative amount of cysteic acid present to almost 
one-half. In Step 2 only the relative amount of tyrosine was significantly 
reduced. It may be inferred from these data that the sequence at the 
end of the molecule adjacent to the free amino group in performic acid- 
oxidized vasopressin is §-sulfoalanyltyrosyl, a sequence which had been 
suspected from the results discussed above. During the treatment with 
bromine water, the amino group of phenylalanine is freed at the same time 
that the 6-sulfoalanyltyrosyl group is eliminated, which indicates that the 
tyrosyl residue in performic acid-oxidized vasopressin is linked to the 
phenylalany] residue. 

If treatment of vasopressin with performic acid has no effect other than 
the oxidative cleavage of the disulfide bond, then the results obtained in 
studies on performic acid-oxidized vasopressin may be extended to vaso- 
pressin itself. On this basis it seems probable that in vasopressin the amino 
group on one-half of the cystine residue is free, that the carboxy] group of 
that half of the cystine residue is linked to the amino group of tyrosine, 
and that tyrosine is in turn linked to the amino group of phenylalanine, 
the disulfide bond forming a part of a cyclic structure. 


It is a pleasure to acknowledge the assistance of Mrs. Jacqueline E. 
Parton, Mrs. Estelle K. Popenoe, Miss Sachi Fujii, Miss Naida Das, and 
Mr. Elliott Robbins with the pressor assays and amino acid analyses. 


SUMMARY 


Oxidative cleavage with performic acid of the disulfide bond of a high 
potency arginine vasopressin preparation appears to yield a homogeneous 








subst 
mole 
end ¢ 
is pl 
vaso 
tyros 
resid 


itself 


~ 
LJ 


hHeMm Ss AaAy rT 


— 
os 
ham kee PTH he 


st 
3 
° 

is 





cule 
steic 


‘oup 
cid, 

not 
acid 
ame 
ther 

the 
‘aso- 


sive 
lized 
lues 
wcid- 
only 
nost 
ntly 

the 
.cid- 


with 
time 
, the 

the 


than 
d in 
raso- 
nino 
ip of 
sine, 
nine, 


e E. 
and 


high 


eous 





E. A. POPENOE AND V. DU VIGNEAUD 143 


substance with the amino acid composition of vasopressin, except that each 
mole of cystine is replaced by 2 moles of cysteic acid. The sequence at that 
end of the peptide chain bearing a free amino group in the oxidized product 
is probably §-sulfoalanyltyrosyl. Treatment of performic acid-oxidized 
vasopressin with bromine water results in elimination of the 8-sulfoalanyl- 
tyrosyl moiety and liberation of the amino group of the phenylalanine 
residue. 

The significance of these observations to the structure of vasopressin 
itself is discussed. 
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A STUDY OF FORMATE UTILIZATION IN PIGEON LIVER 
EXTRACT* 


By PAUL BERGt 


(From the Department of Biochemistry, School of Medicine, Western Reserve 
University, Cleveland, Ohio) 


(Received for publication, April 30, 1953) 


It is generally recognized that formate is converted to a compound which 
is utilized in the synthesis of serine (1-3), purines (4, 5), and labile methyl 
groups (6-8) in animal tissues. Futhermore, compounds which, in the 
course of their metabolism, form a ‘‘C,; compound’ similar to the one 
formed from formate likewise serve as precursors in the synthetic reactions 
mentioned above (cf. (9, 10)). Little is known, however, about the nature 
of this 1-carbon precursor or of the mechanism of its formation and utiliza- 
tion. 

In an earlier communication (8) it was demonstrated that methionine 
can be formed by a pathway independent of transmethylation from choline 
or betaine. This has been postulated as a direct de novo synthesis of methi- 
onine from homocysteine and a ‘‘l-carbon compound” formed from for- 
mate. Although the existence of alternative pathways for the incorpora- 
tion of formate-C" into labile methyl groups cannot be excluded, the direct 
formation of a new labile methyl group in methionine does provide a mech- 
anism for the eventual distribution of the formate carbon into all the 
methyl groups derived from methionine. Furthermore, the de novo syn- 
thesis of methionine by this mechanism supports the concept (11) that a 
net synthesis of labile methyl groups can occur in the absence of a nutri- 
tional supply of these groups. 

In the present investigation the mechanism of methionine synthesis from 


* This work was supported in part by a grant from the American Cancer Society 
recommended by the Committee on Growth of the National Research Council, and 
by the Elisabeth Severance Prentiss Fund of Western Reserve University. The data 
in this paper have been taken from a thesis presented to the Graduate School, West- 
ern Reserve University, in partial fulfilment of the requirements for the degree of 
Doctor of Philosophy. A preliminary report of this work has appeared (Federation 
Proc., 11, 186 (1952)). The radiocarbon used in this work was obtained on allocation 
from the United States Atomic Energy Commission. 

t Predoctoral Fellow of the National Institutes of Health, United States Public 
Health Service. 

1 The term ‘‘C; compound”’ has been used to designate the unknown intermediate, 
formed from formate, which is utilized for the synthesis of serine, purines, and labile 
methyl groups. ‘‘Formate’’ and ‘‘l-carbon compound” have been used synony- 
mously with “C, compound.” 
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formate-C" and homocysteine has been studied in extracts of pigeon liver. 
These extracts catalyze the anaerobic conversion of formate-C™ to methi- 
onine methyl groups. Under the same conditions formate-C™ is also in- 
corporated into cystathionine, the B-carbon of serine, and the 2 and 8 car- 
bons of the purine ring. Evidence has been obtained, with this prep- 
aration, which suggests that homocysteine is involved in the formation 
of a common intermediate in the conversion of formate to the methy] 
groups of methionine, the 8-carbon of serine, and the ureide carbons of the 
purines. 


EXPERIMENTAL 
Preparation of Pigeon Liver Extracts 


Livers from adult pigeons, killed by decapitation, were homogenized with 
2 volumes of cold 0.1 m potassium phosphate buffer, pH 7.5, in a Waring 
blendor. The homogenate was centrifuged for 30 minutes at 36,000 x g 
in a Spinco refrigerated preparative ultracentrifuge (0—-5°) and the clear 
portion of the supernatant liquid, after removal of fat by filtration, was 
either frozen and stored at —10° or lyophilized and kept at 3° under a 
vacuum. The powder, when stored as described above, retained its ac- 
tivity for at least 4 months, whereas the frozen extracts were active ap- 
proximately 1 month after preparation. The yield of powder was usually 
50 to 60 mg. per ml. of extract. The dried extract was reconstituted by 
the addition of an appropriate amount of ice-cold water at the time of the 
experiment. The powder and the frozen extract were equally active in 
converting formate-C"™ to the methyl group of methionine. 


Procedures 


Most of the experiments reported were carried out in the following man- 
ner. The extract and other additions (Tables I to VIII) were placed in 
the main compartment of a Warburg vessel and the C-labeled substrate 
in the side arm. In anaerobic experiments the flasks were gassed with 
nitrogen and after a 3 minute preincubation period the substrate was tipped 
in. Aerobic incubations were carried out in open test-tubes, the substrate 
being added following the short preincubation. All experiments were per- 
formed at 30° and the reactions were terminated by the addition of 20 
per cent trichloroacetic acid (TCA). 

The incorporation of labeled carbon into methionine methyl groups was 
determined by hydrolyzing a portion of the protein-free filtrate with boiling 
hydriodic acid. 20 mg. of pi-methionine were added as carrier prior to 
the degradation. The methyl iodide (12) thus liberated was converted to 
tetramethylammonium iodide with trimethylamine (13) and counted in this 
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form.2 The results are expressed as the total counts per minute in the 
methyl carbon. The values obtained in this manner agreed, within the 
experimental error, with those obtained from methionine isolated from the 
TCA filtrate and purified through the azobenzenesulfonate derivative. 


Isolation and Determination of Other Products 


The total amount of formate-C" incorporated into the TCA-soluble non- 
volatile fraction was determined by drying and counting? an aliquot of the 
filtrate on a glass planchet. 

Serine was isolated from aliquots of the TCA filtrate by Dowex 50 chrom- 
atography (14) and by carrier precipitation. The precipitated serine was 
purified by five or six recrystallizations (to constant specific activity). As 
judged by paper chromatography, this material was free of any radioactive 
or amino acid contaminant. The serine was counted directly? on stainless 
steel dishes. Since formate-C“ has been shown to enter only the 8-position 
of serine (1-3), degradation of the serine was not carried out. 

The conversion of formate-C™ to the ureide carbons of the acid-soluble 
purine fraction was determined by hydrolyzing an aliquot of the protein- 
free filtrate with sulfuric acid (70 volumes of 96.5 per cent plus 30 volumes 
H.O) at 195-200° (5). The procedure liberates formic acid from the ureide 
carbons of those purines which are unsubstituted at carbons 2 and 8, the 
formic acid being dehydrated to carbon monoxide. The carbon monoxide 
was converted to carbon dioxide by passage through iodic sulfate (15). 
The values obtained by this procedure and those found by degrading the 
isolated hypoxanthine fraction were the same.* 

Formate was recovered from the TCA filtrates either by steam distil- 
lation or by lyophilization. The radioactivity measurements were made 
employing BaCO; prepared from the CO: obtained by oxidation of the 
sodium formate with mercuric ions (16). 

Serine and cystathionine were determined by the photometric ninhydrin 
method of Moore and Stein (17) with pL-serine and t-cystathionine as 
standards. 


Materials 
C-Sodium formate was prepared by catalytic hydrogenation of C"- 
sodium bicarbonate as described by Melville et al. (18). pLt-Homocysteine 


was prepared by sodium reduction (19) of pt-homocystine in liquid am- 
monia. 


The tetramethylammonium iodide, serine, and aliquots of the TCA filtrates 
were counted directly, but for purposes of comparison the results have been calcu- 
lated by using experimentally determined conversion factors on the basis of ac- 
tivities expressed as barium carbonate. 

* Personal communication from Dr. G. R. Greenberg. 
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Results 


In Fig. 1 are shown the results of a study of the aerobic and anaerobic 
conversions of formate-C" to the methyl groups of methionine. Anaerobi- 
cally (Curve A) the incorporation of formate into methionine is a linear 
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Radioactivity in Methionine Methyl Carbon (c.p.m. x 10°) 





0 20 40 60 80 100 120 
Time (min.) 
Fia. 1. Time curve of methionine methyl group formation. Curve A, anaerobic; 
Curve B, aerobic. Formate-C'* 5 X 10-* m, 6 X 10‘ counts per uM, DL-homocysteine 
1 X 10°? m, MgCl: 1 X 10°? m, KPO, buffer, pH 7.5,1 X 10-'m. 1ml. of extract (55 


mg. of powder). Total volume, 2 ml.; temperature, 30°. Reaction terminated with 
1 ml. of 20 per cent TCA. 


function of time within the range of 3 to 120 minutes. Under aerobic con- 
ditions (Curve B) there was an initial lag for about 30 minutes, after which 
the reaction rate increased sharply and approached that observed anaerobi- 
cally. These results are in agreement with earlier findings with guinea pig 
liver slices (8) in which there was a greater conversion of formate-C™ to 
methionine methyl groups anaerobically. The reason for the initial lag, 
observed aerobically, is not clear. 

Since the rate of the reaction was greater and more linear anaerobically, 
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a 1 hour test period with nitrogen as the gas phase was adopted for the sub- 
sequent studies. 


Cofactor Requirement for Incorporation of Forma'e-C™ into Methionine 


Dialysis or aging of freshly prepared extracts caused a decrease in for- 
mate-C"™ incorporation into methionine, but the activity could be restored 
by the addition of a boiled extract of either pigeon liver or brewers’ yeast. 
However, these procedures produced variable and sometimes non-repro- 
ducible degrees of inactivation. Subsequently, it was found that treat- 


TaBLeE I 


Effect of Boiled Liver Extracts on Conversion of Formate-C' to Methionine Methyl 
Groups in Pigeon Liver Extracts Treated with Dowex 1 


| ito = 
Additions | Total activity in methionine 


ethy 

a, ore or = C.p.m. 
I od on Save vs scams anaee peies Saree Peta wi 3190 
“Exchanged”’ extract.............. : eee 151 
- ‘* —+0.1 ml. pigeon liver boiled juice*. . .| 728 

oe ae a 0.25 c< a3 “ee “ce oe ae 1830 

ce oe + 0.50 “ “ce “ ae oe ee 2980 


The reaction mixture contained formate-C™ 2 X 10-* m, 1.2 X 105 counts per uM, 
pL-homocysteine 2 X 10-? m, MgCl. 8.4 X 10-3 m, KPO, buffer 1 X 107! M, pH 7.5. 
0.5 ml. of extract (25 mg. of powder). Total volume, 1.25 ml. Reaction termi- 
nated with 1 ml. of 20 per cent TCA. 


* Prepared by homogenizing 1 part of pigeon liver with 2 parts of boiling water 
and then centrifuging. 


ment of the extract with Dowex 1 resin produced a uniform inactivation 
and the activity could be nearly completely restored with a boiled extract 
of pigeon liver. Treatment of the extracts was carried out according to 
Chantrenne and Lipmann (20); however, dried resin was used to minimize 
dilution of the extract. Table I shows that the ‘‘exchanged”’ extract is 
almost completely inactive in the absence of a boiled extract of pigeon liver. 
These experiments demonstrate that one or more anionic heat-stable 
factors, present in the crude extract, are essential for the reactions convert- 
ing formate to the methyl group of methionine. Thus far, additions of 
leucovorin, vitamin B,., adenosinetriphosphate, and coenzyme A alone or 
in combination have failed to activate the “exchanged” extract in the ab- 
sence of the pigeon liver boiled juice. 


Effect of Homocysteine on Formate Utilization 


During investigations of the requirement of homocysteine for methionine 
synthesis, it was observed that the addition of homocysteine caused a sub- 
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stantial increase in the incorporation of C™ into the non-volatile fraction 
of the TCA filtrate. This increase, however, was more than could be ac- 
counted for in the methionine methyl groups. A typical experiment is 
shown in Table IT. 











TaBLe II 
Effect of Homocysteine on Fixation of Formate-C™“ 
| 
Experiment | Additions | “Sadee” | Osmmieeml 
‘ | } ed methyl 
ail | c. pe col mM. C.p.m. a 
1 Formate ns 510 
= + homocysteine 16, ra 4780 
2 | . | 3,010 | 498 
«+ homocysteine | 15,850 | 4560 





‘The reaction mixture contained formate-C™ 5 X 10-* Mm, 6 X 10‘ counts per ua, 
pui-homocysteine 5 X 10-* m, MgCl. 1 X 107? mM, KPO, buffer 1X 10-' m, pH_ 7.5. 1 
ml. of extract (55 mg. of powder). Total volume, 2 ml. Reaction terminated 
with 1 ml. of 20 per cent TCA. 





Tasie III 
E. iffect of H omocysteine and Other Reducing Agents on Formate-C"* Utilization 
_ e 1 
Addition eae a 
~~ and ae ae i Pat pa om | ; wee com. 
ENR ARs Ie a En Pe Me 2,540 420 
NN 5h vc Coan ats enaweneedsbalon 3,200 475 
RN iawn sin kak ncrnced a vadecenaerd 2,660 660 
ONIN 555 Sis bic 5. ve winston bicSiee le ww badd uk 3,260 410 
SING 5 ois. od 5 oie cece cccncweccvdme ses 10,500 4500 











The reaction mixture contained formate-C™' 5 X 107? m, 6 > X 10* counts per um, 
pL-homocysteine 1 X 10-* Mm, glutathione 1 X 10-? Mm, s-eysteine 1 X 107? m, potassium 
ascorbate 5 X 10-?m, MgCl. 1 X 10-2 m, KPO, buffer 1 X 10-!m, pH 7.5. 1 ml. of 
extract (55 mg. of powder). Total volume,2ml. Reaction terminated with 1 ml. of 
20 per cent TCA. 


Since the possibility existed that the stimulation of formate utilization 
by homocysteine was a non-specific effect on enzymes requiring sulfhydryl 
groups for their activity, other reducing compounds were tested in lieu of 
homocysteine. Experiments 1 and 2 were carried out as described in Table 
II except for the additions noted. The results shown in Table III dem- 
onstrate that homocysteine was specific and that other sulfhydryl com- 
pounds such as glutathione and cysteine, as well as a non-sulfhydryl re- 
ducing compound, ascorbic acid, were without significant effect. 
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It was considered possible, when homocysteine was added, that the large 
fraction of C which was not accounted for as methionine might be pre- 
cursors of methionine. This was studied by subjecting aliquots of the TCA 
filtrates to unidimensional paper chromatography with a butanol-diethyl- 
ene glycol-water solvent (see Table IV). A typical plot of the C™ activ- 
ity per cm. against the distance of migration in cm. is shown in Fig. 2. 
In the experiment of Curve A homocysteine was present but not in that of 
Curve B. The Ry of methionine, determined on a control strip, was 0.71. 
Curve A shows that in addition to the methionine peak at R, 0.71 almost 
half of the fixed formate-C™ appeared in a peak having an Ry of 0.48. 
Neither of these peaks appears on the chromatogram of the experiment in 


TaBLe IV 


Comparison of Chromatographic Behavior (Rr) of Isolated Fractions with 
Methionine, Serine, and Cystathionine 
® sil Peak | Peak C 
} | ta- | 
sine lmethio- | Peak C thionine cysta- 


| nine | thionine 


Peak | 
Solvent system* Peak A| Serine | A+ | Peak B 
| 


| 
| serine | | 


| | 
| | 
| 


Ethanol-acetic 





| | 
MME or testa yc 2x ws 0.39 0.39 | 0.37 0.61 | 0.62 | 0.63 | 0.171 | 0.171 | 0.174 
Butanol-diethylene 
Eee , 0.23 | 0.23 | 0.22 | 0.73 | 0.71 | 0.71 | 0.074 | 0.080 | 0.087 
Phenol-H,0........ | 0.35 | 0.36 | 0.36 0.81 | 0.82 | 0.82 | 0.32 0.31 | 0.32 


* Ethanol-acetic acid contained 80 volumes of 95 per cent ethanol, 5 volumes of 
glacial acetic acid, and 15 volumes of water. Butanol-diethylene glycol contained 
4 volumes of n-butanol, 1 volume of diethylene glycol, and 1 volume of water. 10 
ml. of 1 n NH,OH at bottom of chromatography chamber. Phenol-H.0, upper 
phase of saturated solution of phenol and water. 


which homocysteine was omitted. Chromatographic analysis of the TCA 
filtrates from the experiments with the other reducing compounds of Table 
III gave similar results to those of Curve B in Fig. 2, indicating that the 
formation of the compound at RP, 0.48 was stimulated specifically by homo- 
cysteine. Furthermore, it can be seen in Curve A that there were small 
but significant peaks in the lower region of the chromatogram. 


Isolation and Identification of Radioactive Compounds of TCA Filtrate 


To identify the radioactive compounds which accumulated, experiments 
were carried out in which these substances were isolated by chromatograph- 
ing on a Dowex 50 column (14). Conditions of the experiments are given 
in Table V. The reaction was terminated with TCA and the proteins were 
removed by centrifugation. An aliquot of the filtrate was removed for the 
analysis of total formate-C" fixed and of the radioactivity in the methyl 
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groups of methionine and in the 2 and 8 positions of the purines, 
The TCA-insoluble residue was extracted twice with water and the wash- 
ings were combined with the original filtrate. The entire solution was 
lyophilized and the sublimate was collected for the analysis of residual 
formate. The residue was dissolved in 0.05 n HCl and placed on a 30 X 
2.5 em. Dowex 50 column (H+ form, 100 to 200 mesh). When the column 
was washed with water, approximately 5 to 10 per cent of the total C¥ 
activity applied to the column was eluted. This activity was found by 
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Fig. 2. Paper chromatographic analysis of products formed from formate-C™ 
in pigeon liver extracts. Chromatography solvent, butanol-diethylene glycol-water 
(5). Formate-C% 6 X 10-* m, 6 X 10‘ counts per uM, DL-homocysteine (when added) 
1 X 10°? m, MgCl, 1 X 10-2 m, KPO, buffer 1 X 10-' mM, pH 7.5. 1.5 ml. of extract 
(165 mg. of powder). Total volume, 2.5 ml. Reaction terminated with 1 ml. of 20 
per cent TCA. Curve A, homocysteine added; Curve B, homocysteine omitted. 


paper chromatography to be associated with several compounds, but these 
were not identified. Elution next was carried out with 1 n HCl and then 
with 2nN HCl. 10 ml. fractions were collected and the C compounds were 
located by plating and counting 1 ml. aliquots of each fraction. Fig. 3 
shows the elution pattern when C" activity per fraction was plotted against 
the fraction number. The fractions comprising each peak were combined, 
evaporated in vacuo to remove HCl, and then chromatographed on large 
sheets of Whatman No. 1 filter paper with an ethanol-acetic acid solvent 
(see Table IV). The completed chromatograms were dried and scanned 
with a radiation monitor and ultraviolet lamp. Peaks A and C appeared 
as single, radioactive, ninhydrin-positive bands. Peak B was resolved into 








two 

spray 
but s 
activ 
subst 


varic 
on ti 
iden’ 


10 m 
volu 
nate 


com 
radi 
wit] 
isol: 
the 
of n 
on 

Me 
tray 
its | 
xan 





nes, 
ish- 
was 
lual 
)X 


Cu 
by 


2-C 
rater 
ded) 
rract 
of 20 
sd. 


hese 
chen 
vere 
g. 3 
inst, 
ned, 
arge 
vent 
ined 
ared 
into 





P. BERG 153 


two radioactive components. One component gave a blue color when 
sprayed with ninhydrin, whereas the other band was negative in this test 
but showed up as a dark region under ultraviolet light. Each of the radio- 
active components was eluted with water and the eluates were used in the 
subsequent identification studies. 

Because of the small amounts of material available, identification of the 
various fractions was performed largely by paper chromatography. Based 
on the chromatographic behavior, summarized in Table IV, Peak A was 
identified as serine, Peak C as cystathionine, and the ninhydrin-positive 


























TaBLe V 
Partition of Formate-C' Fixed by Pigeon Liver Extract 
ae Tt. ao 
PIII 6 oiag dc ain dnsinwidcecamanleoacds 2.4 X 10? 1.2 X 105 
” IIS ons. 5 5a Gh ecsccacecaesee 1.87 X 10° 8.5 X 104 

Total formate-C" fixed (determined)...... 4.2 X 108 
SS eee rere ees: 6.9 X 105 15 X 10° 
eRe cot hain bnalyongeowaenver 21.4 X 105 25 X 103 
EE EST OS ee ee Pree 6 X 10° 10.8 X 108 
ods eke ooh dorn ekikig hi sbseeawanee 7 X 105 

Total formate-C™ accounted for.......... 4.1 X 108 











The reaction mixture contained formate-C™ 3.3 X 107? Mm, 1.2 X 10° counts per 
uM, DL-homocysteine 3.3 X 10-*m, MgClz 1 X 10-* m, KPO, buffer 1 X 10-' m, pH 7.5. 
10 ml. of pigeon liver boiled extract; 30 ml. of extract (8 gm. of powder). Total 
volume, 60 ml.; temperature, 30°; time, 4 hours; gas phase, Nz. Reaction termi- 
nated with 10 ml. of 20 per cent TCA. 


component of Peak B as methionine. Each compound showed a single, 
radioactive, ninhydrin-reacting spot which could not be further resolved 
with the solvents employed. Furthermore, there was no separation of the 
isolated compounds from the standards when both were superimposed at 
the starting point and chromatographed on the same strip. Identification 
of methionine was substantiated by its ability to yield radioactive methyl 
on boiling with hydriodic acid (12) and by the color formed in the 
McCarthy-Sullivan reaction (21). The component absorbing in the ul- 
traviolet region associated with Peak B was identified as hypoxanthine by 
its absorption spectrum and its quantitative conversion to uric acid with 
xanthine oxidase (22). 

When the compound identified as serine was added to TCA filtrates of 
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non-incubated liver extracts and chromatographed with the solvent de- 
scribed in Fig. 2, it gave a radioactive peak at Rr 0.50 compared to R, 
0.48 shown in Fig. 2. The difference between the FR, of the serine isolated 
with the Dowex column (see Table IV) and that of the serine in TCA 
filtrates may be due to the effect of other components in the filtrates (23), 

The C" activities of the various fractions are summarized in Table V. 
Total formate-C" fixed in non-volatile compounds was determined by wet 
oxidation (24) of an aliquot of the filtrate after removal of the unchanged 
labeled formate by repeated evaporation (three times) in the presence of 
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Fig. 3. Isolation of radioactive products from pigeon liver extract by ion exchange 
chromatography. Reaction mixture same as in Table V. 


unlabeled formic acid. The activity in the methyl group of methionine 
and the isotope incorporated into the ureide carbons of the purines was 
determined as previously described. Total C™ activity incorporated into 
serine and cystathionine was obtained by adding up the activities of each 
fraction comprising the peaks from the Dowex 50. This was possible be- 
cause subsequent isolation and chromatographic analysis showed the eluted 
peaks to be isotopically pure. It can be seen from the results in Table V 
that the C activity of the methionine methy] groups, serine, cystathionine, 
and purines accounted for almost all of the formate-C" fixed. Serine ac- 
counted for about half of the total formate-C™ incorporated. The remain- 
der was almost equally distributed among the remaining products. The 
dilution of the labeled carbon in the isolated products suggests either the 
presence of endogenous intermediates in the enzyme preparation, the pres- 
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ence of the unlabeled products, or the formation of these compounds from 
unlabeled sources. The dilution does not appear to be due to dilution of 
the formate, since the specific activity of the formate was decreased only 
about 30 per cent. 

The good agreement between the value of total formate-C" fixed and the 
radioactivity in the products isolated indicates either that there was no 
appreciable accumulation of precursors of these compounds or that such 
precursors are too labile to be detected or isolated under these conditions. 


Investigation of Réle of Serine and Cystathionine in Methionine 
Synthesis 


The accumulation of radioactivity in serine and cystathionine was in 
agreement with earlier suggestions, made by others, that these compounds 
were intermediates of methionine synthesis. Arnstein (25), on the basis 
of his studies of methyl group synthesis from various precursors, postulated 
the intermediate formation of serine in the conversion of formate to labile 
methyl groups. An alternative proposal for the formation of labile methyl 
groups was offered by Block et al. (26) and by Gibson and Woods (27). 
These workers suggested that methionine formation might occur by reduc- 
tive cleavage between the a- and 8-carbon atoms of the alanine side chain 
of cystathionine. Although the cystathionine isolated in the experiment 
described in Table V had a lower specific activity than the methionine, 
which suggested that the latter mechanism had not occurred, it was possible 
that methionine had been derived from cystathionine of high specific ac- 
tivity early in the incubation and that cystathionine had been diluted later 
in the incubation by its formation from unlabeled sources. 

To determine whether serine or cystathionine per se were intermediates 
in the formation of methionine methyl groups from formate, two types of 
experiments were carried out (Tables VI and VII). In the first experiment 
unlabeled serine or cystathionine was added to the reaction system as a 
trapping pool. If the added compounds were on the pathway of methio- 
nine synthesis from formate and homocysteine, a significant decrease of the 
isotope incorporated into the methyl groups would be anticipated. The 
result of a typical experiment is shown in Table VI. It can be seen that 
the incorporation of formate-C' was not significantly altered by the un- 
labeled pools of serine or cystathionine. 

In the second experiment C"-labeled serine and cystathionine, obtained 
from the experiment described in Table V, were incubated with the extract 
and compared with formate for their ability to be converted to methionine. 
The results are presented in Table VII. It can be seen that cystathionine 
was not converted to methionine under conditions in which formate was 
readily incorporated into the methyl carbon. The §-carbon of serine, on 











156 FORMATE UTILIZATION IN LIVER EXTRACT 


the other hand, was converted to methionine methyl groups but at a rate 
which was less than that observed with formate. 

The failure of the unlabeled pools of serine and cystathionine to decrease 
significantly the incorporation of formate-C™ into methionine was not due 
to the rapid removal of these metabolites, since about 90 per cent of the 
serine and 95 per cent of the cystathionine added were recovered in the 
comparable experiments of Table VII. On the basis of these experiments 
it was concluded that serine and cystathionine per se are not intermediates 
in the synthesis of methionine from formate and homocysteine. The report 
of Stekol et al. (28) that L-cystathionine does not support the growth of 
rats on methyl-free diets which will promote growth when supplemented 
with homocysteine is in agreement with this conclusion. 


TaBLe VI 


Effect of Unlabeled Serine and Cystathionine on Incorporation of 
Formate-C"* into Methionine Methyl Groups 





Additions Total ect rs eneing 
| c.p.m. 
a ea al ae ee naling 5140 
7 ee 4800 
_ +10 “ u-cystathionine....................... 4750 


The reaction mixture contained formate-C™ 2 X 10-* m, 6 X 10‘ counts per um, 
DL-homocysteine 2.5 X 10-* m, serine and cystathionine as indicated, MgCl. 1 X 
10-? m, KPO, buffer 1 X 10-' m, pH 7.5. 0.2 ml. of pigeon liver boiled extract; 1 
ml. of extract (55 mg. of powder). Total volume, 2.0 ml.; time, 60 minutes. Re- 
action terminated with 1 ml. of 20 per cent TCA. 








The cystathionine found in our experiments was presumably formed from 
homocysteine and serine (29) and apparently was not metabolized further 
under these conditions. This is indicated by the failure to detect appre- 
ciable amounts of radioactive cysteine or cystine. By contrast, cysta- 
thionine is rapidly cleaved to cysteine by rat liver slices and homogenates 
(30). 


Réle of Homocysteine in Serine and Purine Formation 


The finding that the utilization of formate for serine as well as methio- 
nine formation was increased by homocysteine indicated that homocysteine 
might function in the activation of formate. This could conceivably occur 
by the formation of a homocysteine-C; complex in a manner analogous to 
that described for coenzyme A and acetate (31). Such a compound might 
then act as a common precursor for serine, purine, and methionine synthe- 
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sis. Experiments were, therefore, carried out to study the effect of homo- 
cysteine on the incorporation of formate-C™ into methionine, serine, and 
purines in pigeon liver extract. This was done by incubating the extract 
with formate-C" in the presence or absence of homocysteine and analyzing 
the above products as previously described. To determine whether dif- 
ferent formate acceptors competed for a ‘“‘l-carbon compound” formed 
from formate, glycine was added in Experiment 2 in order to stimulate 
serine formation (32), and glycine, glutamine, and bicarbonate were added 


Taste VII 
Incorporation of Formate-C™, Serine-C', and Cystathionine-C™ into 





Activity in methionine methyl carbon 


Additions = 
Total activity men oe 
a ’ | eben. 
AEE A, aE Ra ea L 255 
gs + homocysteine...............| 3825 0.0064 
NRE ae, ee ak be orn be 260 
- + homocysteine................. 1220 0.0049 
UMEMIOREEIPA ST .. ow. eh ccectcceeses 0 0 
” + homocysteine.......... 0 0 





The reaction mixture contained formate-C' 2.5 X 10-* m, 1.2 X 105 counts per 
uM, serine-C 5 X 10-* m, 2.5 X 10* counts per uM, cystathionine-C™ 5 X 10-* m, 1.08 
X 10‘ counts per uM, pL-homocysteine 2.5 X 10-? m, MgCl. 1 X 10°? m, KPO, buffer 
1X 10-' m, pH 7.5. 0.2 ml. of pigeon liver boiled extract; 1 ml. of extract (55 mg. of 
powder). Total volume, 2.0 ml.; time, 90 minutes. Reaction terminated with 1 
ml. of 20 per cent TCA. 

* Fraction of total counts incorporated into methionine methyl carbon. This 
assumes no dilution of carbon counts per micromole of C™ substrate. 


in Experiment 3 to promote purine synthesis (33). The protocol and re- 
sults are summarized in Table VIII. 

It can be seen in Experiment 1 (Table VIII) that homocysteine caused 
not only a marked increase in methionine synthesis but also an increase 
in serine and purine formation. The increase in serine formation was of 
about the same magnitude as that of methionine synthesis, whereas that 
for purine formation was less. Furthermore, the activity in these three 
products accounted for about 90 per cent of the total formate-C™ incor- 
porated. In Experiment 2 the addition of glycine resulted in an approxi- 
mately 23-fold rise in the formate-C" utilized. There was an increase in 
the activity of the serine and purine fractions and a decrease in that of the 
methionine. The further addition of glutamine and bicarbonate stimu- 
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lated the incorporation of formate-C" into purines, but this occurred mostly 
by decreasing the isotope content of serine and methionine rather than by 
an equivalent increase in the total amount of formate-C"™ fixed. That this 
was not due to a deficiency of formate-C" per se was proved by the finding 
that excess formate-C remained at the end of the incubation. This would 
suggest that, under conditions in which the ‘activation’ of formate be- 
comes limiting, an increase in the synthesis of one of the three compounds 
occurred at the expense of one or both of the other two. These data are 
consistent with the concept that a competition by various formate ac- 


TaBLe VIII 


Effect of Homocysteine on Incorporation of Formate-C* into Methionine, Serine, 
and Purines 





Total C™ activity, c.p.m. 











ment | Incorporated Serine Purines Methionine Total accounted for 


° 


|+ RSH*|— RSH |+ RSH |— RSH |+ RSH| — RSH | + RSH — RSH | + RSH | — RSH 


| - : Bn ie rt | 
1 | 47,200] 7,660|14,500] 890/11,580| 4,340 | 17,720 | 1540 | 43,800) 6,570 
2  |132,000}22, 800/91 , 400/10,480/20,850| 10,150 | 13,100 | 1515 |125,350) 22,145 
3 14800052, 000,66, 300 9 ,560|63,400| 32,200 | 9,950 | 1305 139,650) 43,065 




















The reaction mixture contained in Experiment 1, formate-C™ 2.5 X 10-3 m, 1.2 
X 105 counts per uM, pt-homocysteine (when added) 2.5 X 10-*m, MgCl. 1 X 107? , 
KPO, buffer 1 X 10-' m, pH 7.5. 2 ml. of extract (110 mg. of powder). Total vol- 
ume, 4 ml.; time, 60 minutes; gas, N2. Experiment 2, same as Experiment 1 plus 
glycine 5 X 10°? m. Experiment 3, same as Experiment 1 plus glycine 5 X 10-* m, 
L-glutamine 1 X 10°? m, KHCO; 2.5 X 10°? mM. Gas, 95 per cent N2-5 per cent COs. 
Reaction terminated with 2 ml. of 20 per cent TCA. 

* RSH = homocysteine. 


ceptors exists either for a common compound formed from formate or for 
a coenzyme necessary for formate utilization. The involvement of homo- 
cysteine and formate in all these reactions raises the possibility that the 
competition may be for a homocysteine-C,; compound or some compound 
formed from such a complex. 


DISCUSSION 


It is generally considered that the major function of homocysteine in 
animal metabolism is associated with the formation of methionine and 
cysteine (34, 35). One mechanism of methionine synthesis has been shown 
to occur by the transfer of an intact methyl group from betaine (36) and 
dimethylthetin (37). It has also been demonstrated (8) that the synthesis 
of methionine can occur by a pathway independent of transmethylation, 
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namely by a direct synthesis from “formate” and homocysteine. This 
suggested the existence of an intermediary homocysteine-C, compound. 
The present experiments indicate that homocysteine is also involved in 
the utilization of formate for serine and purine synthesis. Greenberg (38), 
using acetone powder extracts of pigeon liver, found that homocysteine, 
specifically, increased the incorporation of formate-C™ into carbon 2 of 
inosinic acid. Recently, Mitoma and Greenberg (32) have noted a non- 
specific stimulation of serine formation by reducing compounds in rat liver 
preparations. These workers did not, however, test homocysteine. 

A possible mechanism by which homocysteine might function in formate 
metabolism is schematically presented in Diagram 1. This hypothesis pro- 
poses the formation of a common homocysteine-C, compound from formate 
or formaldehyde and its utilization for the synthesis of serine and purines 
as wellas methionine. This interpretation is consistent with the previously 
reported (8) observations that formate is converted to methionine methy] 
groups without first forming formaldehyde. It has also been found‘ that 
formaldehyde-C™ is incorporated into methionine by a pathway not in- 
volving its conversion to formate. Similar observations regarding the for- 
mate and formaldehyde relationship have been reported for purine (33) 
and serine synthesis (32). Evidence has also been presented that meth- 
ionine is not an intermediate in the incorporation of formate into purines 
in pigeon liver (38). The existence of thio esters of formic acid or S-hy- 
droxymethyl compounds in biological systems is unknown. Levi (39) has 


D1aGrRaM 1. Postulated réle of homocysteine (RSH) in formate utilization 
Serine + RSH — Cystathionine 


Giyeine | | 


2H 
HCHO + RSH — RSCH.OH i. methionine 


“| 


HCOOH + RSH > RSCHO —“™™* _, purines 
precursors 


prepared compounds of the type RSCH.OH by condensing formaldehyde 
and ethyl or propyl mercaptan. Thio esters analogous to that shown for 


formate have already been demonstrated. Purified preparations of trans- 
acetylase catalyze the transfer of the acetyl group of acetyl phosphate to 


‘ Unpublished experiments with pigeon liver homogenates have demonstrated that 
formaldehyde is also incorporated into the methyl group of methionine. This occurs 
without prior conversion to formate. Likewise, formate is not converted to formal- 
dehyde in its conversion to methyl groups. Isotope dilution experiments have in- 
dicated that both compounds are converted to a common precursor of methionine. 
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the sulfhydryl group of glutathione and cysteine (40). The interconver- 
sion of the S-hydroxymethy] and thio ester compounds shown in Diagram 1 
is similar to the mechanism postulated for the oxidation of phosphoglycer- 
aldehyde (41). By such a mechanism, therefore, a common intermediate 
in the synthesis of serine, purines, and methionine would be formed from 
formate and formaldehyde. 

The above hypothesis is in agreement with recently reported observa- 
tions. Bergmann et al. (42) have observed the unique ability of meth- 
ionine to counteract the accumulation of 4-aminoimidazole-5-carboxamide 
in sulfadiazine-inhibited Escherichia coli. These results which they have 
interpreted as indication that methionine provides a single carbon unit for 
the conversion of the carboxamide to purines is consistent with the forma- 
tion from methionine of a homocysteine-C; compound precursor of the 
purine carbon 2. The recent findings of Elwyn et al. (43) that the con- 
version of the 8-carbon of serine to labile methyl groups occurs without 
the loss of its carbon-bound hydrogens support a transfer of the 8-carbon 
at the hydroxymethy] level as postulated in Diagram 1. 


SUMMARY 


Cell-free extracts of pigeon liver catalyze the anaerobic incorporation of 
formate-C™ into cystathionine, methionine, the 8-carbon of serine, and the 
ureide carbons of purines. Isotope balance experiments demonstrated that 
all the stably fixed formate-C“ is accounted for in these products. Evi- 
dence has been presented indicating that serine and cystathionine per se 
are not intermediates in the conversion of formate to the methyl group of 
methionine. 

Homocysteine was found to increase markedly the incorporation of for- 
mate into serine and purines as well as into methionine methyl groups. 
The relative distribution of formate carbon among these compounds is 
altered by the addition of compounds promoting the formation of different 
formate acceptors. A hypothesis is proposed suggesting that an inter- 
mediate formed from formate and homocysteine is a common precursor in 
serine, purine, and methionine synthesis. 

The conversion of formate to methionine methyl groups requires the 
presence of one or more heat-stable factors. These are readily removed 
by treatment of the extract with Dowex 1 resin. 


The author wishes to express his sincere appreciation to Dr. W. Sakami 
for his patient guidance, criticism, and advice throughout the course of this 
work. I am grateful to Dr. H. G. Wood for his continued interest and to 
Dr. G. R. Greenberg and Dr. G. L. Cantoni for many stimulating and 
helpful discussions. I also wish to acknowledge the gifts of vitamin By, 
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leucovorin, and L-cystathionine donated generously by Dr. A. D. Welch 
and Dr. G. L. Cantoni. 


BIBLIOGRAPHY 


. Sakami, W., J. Biol. Chem., 176, 995 (1948). 

. Kruhoffer, P., Biochem. J., 48, 604 (1951). 

. Siekevitz, P., and Greenberg, D. M., J. Biol. Chem., 180, 845 (1949). 

. Sonne, J. C., Buchanan, J. M., and Delluva, A. M., J. Biol. Chem., 178, 69 (1948). 
. Greenberg, G. R., J. Biol. Chem., 190, 611 (1951). 

. Sakami, W., and Welch, A. D., J. Biol. Chem., 187, 379 (1950). 

. du Vigneaud, V., Verly, W. G., and Wilson, J. E., J. Am. Chem. Soc., 72, 2819 


(1950). 


. Berg, P., J. Biol. Chem., 190, 31 (1951). 

. Tarver, H., Ann. Rev. Biochem., 21, 301 (1952). 

. Welch, A. D., and Nichol, C. A., Ann. Rev. Biochem., 21, 633 (1952). 
. Bennett, M. A., J. Biol. Chem., 187, 751 (1950). 

. Baernstein, H. D., J. Biol. Chem., 106, 451 (1934); 115, 25 (1936). 

. Sakami, W., J. Biol. Chem., 187, 369 (1950). 


. Stein, W. H., and Moore, 8., Cold Spring Harbor Symposia Quant. Biol., 14, 
179 (1950). 


. Shreeve, W. W., Leaver, F., and Siegel, I., J. Am. Chem. Soc., 74, 2404 (1952). 


. Pirie, N. W., Biochem. J., 40, 100 (1946). 
. Moore, S., and Stein, W. H., J. Biol. Chem., 176, 367 (1948). 
. Melville, D. B., Rachele, J. R., and Keller, E. B., J. Biol. Chem., 169, 419 (1947). 


. Riegel, B., and du Vigneaud, V., J. Biol. Chem., 112, 149 (1935-36). 

. Chantrenne, H., and Lipmann, F., J. Biol. Chem., 187, 757 (1950). 

. McCarthy, T. E., and Sullivan, M. X., J. Biol. Chem., 141, 871 (1941). 

. Kalekar, H. M., J. Biol. Chem., 167, 429 (1947). 

. Consden, R., Gordon, A. H., and Martin, A. J. P., Biochem. J., 38, 224 (1944). 
. Van Slyke, D. D., and Folch, J., J. Biol. Chem., 186, 509 (1940). 


. Arnstein, H. R. V., Biochem. J., 48, 27 (1951). 

Block, R. J., Stekol, J. A., and Loosli, J. K., Arch. Biochem. and Biophys., 38, 
353 (1951). 

Gibson, P., and Woods, D. D., Biochem. J., 51, p. v (1952). 

. Stekol, J. A., Bennett, M. A., Weiss, K., Halpern P., and Weiss, S., Federation 

Proc., 9, 234 (1950). 


. Binkley, F., and du Vigneaud, V., J. Biol. Chem., 144, 507 (1942). 


. Binkley, F., Anslow, W. P., Jr., and du Vigneaud, V., J. Biol. Chem., 148, 559 
(1942). 
. Lynen, F., and Reichert, E., Angew. Chem., 68, 47 (1951). 


. Mitoma, C., and Greenberg, D. M., J. Biol. Chem., 196, 599 (1952). 


. Greenberg, G. R., Federation Proc., 10, 192 (1951). 

Fromageot, C., Advances in Enzymol., 7, 369 (1947). 

. Fromageot, C., in Sumner, J. B., and Myrbiick, K., The enzymes, New York. 
2, pt. 1 (1951). 

. Dubnoff, J. W., Arch. Biochem., 24, 251 (1949). 

. du Vigneaud, V., Moyer, A. W., and Chandler, J. P., J. Biol. Chem., 174, 477 
(1948). 

. Greenberg, G. R., Federation Proc., 12, 651 (1953). 








162 FORMATE UTILIZATION IN LIVER EXTRACT 


39. Levi, T. G., Gazz. chim. ital., 62, 775 (1932). 

40. Stadtman, E. R., J. Biol. Chem., 196, 535 (1952). 

41. Racker, E., and Krimsky, I., J. Biol. Chem., 198, 731 (1952). 

42. Bergmann, E. D., Volcani, B. E., and Ben-Ishai, R., J. Biol. Chem., 194, 521 
(1952). 

43. Elwyn, D., Weissbach, A., and Sprinson, D. B., J. Am. Chem. Soc., 73, 5509 (1951). 





































Qu 
that 
tate, 
the ¢ 
oxid: 
for n 
siste! 
(3) s 
gene! 
Case 
and | 
have 
the r 
but 
consi 
nare¢ 
sinet 
barbi 
unco 
whic! 
is co 
those 
bolic 

In 
have 
resul 
conjt 
2,4-] 

Th 
with 
gene} 


*Pp 


51), 





A COMPARISON OF THE EFFECTS OF NARCOTICS AND OF 
2,4-DINITROPHENOL ON SULFANILAMIDE ACETYLATION 


By W. J. JOHNSON* anv J. H. QUASTEL 
(From the Research Institute, Montreal General Hospital, Montreal, Canada) 


(Received for publication, March 19, 1953) 


Quastel and Wheatley (1) and Jowett and Quastel (2) have demonstrated 
that narcotics at low concentrations inhibit the oxidation of glucose, lac- 
tate, and pyruvate by brain tissues in vitro but have little or no effect on 
the oxidation of succinate. These workers proposed that the inhibition of 
oxidations by the brain diminishes the energy available to the nerve cell 
for normal functional activity and thus produces a state of narcosis. Con- 
sistent with this view are the experimental results of Eiler and McEwan 
(3) showing that pentobarbital inhibits to about the same extent both the 
generation of high energy phosphate and oxygen utilization. Moreover, 
Case and MclIlwain (4) have found that the rates of both phosphorylation 
and respiration are equally lowered by chloral. Johnson and Quastel (5) 
have demonstrated that narcotics (e.g. Narconumal, Chloretone) inhibit 
the rates of acetylation of sulfanilamide and of choline in aerobic systems, 
but that they have no effect on anaerobic acetylation systems. They 
consider that their results are consistent with the hypothesis that the 
narcotics at low concentrations inhibit the oxidative synthesis of adeno- 
sinetriphosphate. Brody and Bain (6, 7) have, however, observed that 
barbiturates cause a fall in the P:O ratio and have postulated that an 
uncoupling of phosphorylation from oxidation may be one of the ways by 
which barbiturates produce anesthesia. It would be expected, if this view 
is correct, that the effects of narcotics would resemble in some respects 
those of a typical “uncoupling” agent such as 2,4-dinitrophenol on meta- 
bolic processes. 

In the course of investigations involving sulfanilamide acetylation, we 
have observed that narcotics neither inhibit the acetylation of sulfanilamide 
resulting from pyruvate dismutation (by pigeon liver extracts) nor the 
conjugation that occurs during the oxidation of succinate by brain tissue. 
2,4-Dinitrophenol, on the other hand, markedly inhibits these reactions. 

The experimental results described in the present paper are concerned 
with these phenomena and indicate that it is unlikely that narcotics in 
general act as “uncoupling” agents. 


* Present address, Research Laboratories, Frank W. Horner, Ltd., Montreal. 
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Materials and Methods 

Pigeon Liver Acetone Powder—The livers from freshly killed pigeons were 
minced and homogenized in the presence of acetone for 60 seconds in a 
Waring blendor. The homogenate was added to 10 volumes of ice-cold 
acetone. After 5 minutes, the dehydrated material was filtered on a Biich- 
ner funnel and washed well with acetone. Drying of the powder was 
completed in a vacuum desiccator (over calcium chloride) where it was 
stored at 0°. 

Pigeon Liver Extract—The acetone-dried powder was ground in a mortar 
for 5 minutes with 0.15 m KF in the proportion of 60 mg. of powder per 
ml. of extraction medium. After centrifugation at 19,000 x g for 5 min- 
utes, the clear amber supernatant fluid was added directly to the manom- 
eter flasks of a Warburg apparatus. 

The crude extracts of acetone-dried pigeon liver, which we have em- 
ployed, bring about sulfanilamide acetylation in the presence of pyruvate. 
Addition of coenzyme A (CoA) or of cysteine is unnecessary. The addition, 
however, of phosphate is obligatory, and the presence of added diphospho- 
pyridine nucleotide (DPN) almost doubles the rate of acetylation. The 
addition of adenosinetriphosphate (ATP) also brings about a marked in- 
crease in the rate of sulfanilamide acetylation, the optimal rate being 
obtained in the presence of both ATP and DPN. Typical results are 
shown in Table I. 

Rat Brain Homogenate—A 25 per cent homogenate of rat brain was 
prepared by homogenizing the cerebral hemisphere in a solution composed 
of 0.06 m KCI, 0.04 m MgCl, and 0.02 m nicotinamide. 0.5 ml. of this 
suspension was added to the manometer vessel in the experiments requir- 
ing homogenate. 

Manometric Technique—Conventional Warburg manometric methods 
were used for following the rates of CO: evolution or O2 uptake. All 
experiments were carried out at 37°. 

Sulfanilamide Estimation—Sulfanilamide was estimated by the method 
of Bratton and Marshall (8). Acetylation of sulfanilamide was estimated 
by difference, it being assumed that the fall in sulfanilamide concentration 
is due primarily to acetylation. It is possible that in certain experiments 
carried out with succinate a conjugation of sulfanilamide with succinate, 
rather than with acetate, takes place. When this is suspected, the term 
“conjugation of sulfanilamide”’ is used. 


Results 


Effects of 2,4-Dinitrophenol, Chloretone, and Nembutal on Sulfanilamide 
Acetylation by Pigeon Liver Extracts 


Typical results, shown in Table II, indicate that, while 2 ,4-dinitrophenol 
(DNP) (10-* m) has a negligible effect on the rate of sulfanilamide acetyla- 
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tion in the presence of acetate, ATP, and pigeon liver extract, there is an 
inhibition of 63 per cent in the rate of acetylation when this is dependent 
on pyruvate dismutation. The inhibition of anaerobic sulfanilamide acety- 
lation (accompanying pyruvate dismutation) by DNP is possibly surpris- 
ing in view of the generally accepted fact that DNP exercises its inhibitory 
effects on aerobic phosphorylations. It should be noted, however, that 
the concentrations of DNP used in our experiments are relatively high, 
ie. 5 X 10-~ or 10-* mM, and that even at these concentrations the large 
inhibition of the rate of aerobic sulfanilamide acetylation brought about 














TaBLeE I 
Sulfanilamide Acetylation by Pigeon Liver Extract in Presence of Pyruvate (0.02 m) 
at 87° 
Experiment ; Additions S ulfanilami de Sidi 
Phosphate DPN ATP 
M M M Y uM 
1 4 0.6 
; 0.02 81 10.5 
2 0.02 66 
0.02 2.5 X 10-4 121 
3 0.02 50 
0.02 3 X 10-3 124 
0.02 2.5 X 10-4 99 
0.02 2.5 X 10-4 3 X 10-3 180 
4 0.02 2.5 X 10-4 153 
0.02 2.5 X 10-4 3 X 10°% 185 











Vessel components, pigeon liver extract 1 ml. (60 mg. of acetone powder), sodium 
pyruvate 0.02 m, sulfanilamide initially added 200 y, NaHCO; 0.028 m, MgCl, 0.005 
mM. Phosphate added as sodium phosphate buffer, pH 7.5. All concentrations are 
final in a total volume of 3 ml. Gassed with 7 per cent CO,.-93 per cent Ne. The 
sodium pyruvate solution was tipped in from the side arm at zero time (after gassing 
and thermal equilibration). Experimental time, 90 minutes. 


by DNP at 10-‘ m is not obtained (see, for example, Table V). Judah (9) 
has shown that the phosphorylation accompanying anaerobic dismutation 
of a-ketoglutarate and ammonia by mitochondrial preparations from rat 
liver is inhibited by about 32 per cent at a concentration of 2 K 10-*m 
DNP. It should also be noted (Table II) that the presence of DPN, which 
at 5 X 10-* m almost doubles the rate of anaerobic acetylation in pigeon 
liver extracts, has no marked influence on the percentage inhibition brought 
about by DNP. Whether this inhibition is due to an “uncoupling” phe- 
nomenon in which phosphorylation is involved cannot yet be decided, but 
it is significant that phosphate ions have a marked accelerating action on 
the rate of anaerobic dismutation of pyruvate, and accompanying acetyla- 
tion, in the presence of pigeon liver extracts. 
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If the suggestion that the narcotics act in a manner similar to that of 
DNP is correct, it might be expected that narcotics would have an effect 
similar to that of DNP on the rate of acetylations dependent on pyruvate 


Tasie II 


Effects of DNP, Chloretone, and Nembutal on Acetylation of Sulfanilamide by 
Pigeon Liver Extracts 














oe Additions a - : 
, acetylated tion 
7 per cent 
1 Acetate 0.02 m 4 
“a 0.02 “‘ + ATP 0.003 m 153 
as 0.02 “+ ‘ 0.003 ‘‘ + DNP 0.001 m 139 9 
Pyruvate 0.02 “ 81 
% 0.02 ‘*‘ + DNP 0.001 m 31 62 
2 ” 0.02 ‘*‘ no DPN 124 0 
“ig 0.02“ * + DNP 0.0005 m 69 45 
” m—" « » § Oo “ 46 63 
‘a 0.02 ‘* 259 0 
m 0.02 ‘* + DNP 0.0005 m 112 58 
2 0.02 *+ ‘“ 0.001 ‘ 100 63 
3 Acetate 0.02 “ + ATP 0.0045 m | 193 0 
“2 0.02 ‘+ ‘* 0.0045 ‘* + Chloretone 195 0 
0.005 m 
4 Pyruvate 0.02 m 121 
we 0.02 ‘‘ + Chloretone 0.005 m 108 10 
" 0.02 ‘‘ + ATP 0.003 m | 187 
-_ 0.02 “+ ‘* 0.003 ‘‘ + Chloretone 137 0 
0.005 m 
5 Pyruvate 0.02 m | 76 
” 0.02 ‘“‘ + Nembutal 0.001 m 76 0 





Vessel components, pigeon liver extract 1 ml. (60 mg. of acetone powder), NaHCO, 
0.028 m, MgCl: 0.005 m, sodium phosphate buffer, pH 7.5, 0.02 m; other additions as 
indicated; acids present as sodium salts. All concentrations are final in a total 
volume of 3ml. Sulfanilamide initially added 200 y, except in Experiment 2 in which 
400 y of sulfanilamide were added. Gassed with 7 per cent CO2-93 per cent N:. 
Experimental time, 90 minutes. In all experiments, except where otherwise stated, 
DPN is present in a final concentration of 5 X 10-4 Mm. 


dismutation. However, the results shown in Table II indicate that the 
behavior of the narcotic differs from that of DNP. Chloretone, at a con- 
centration which inhibits by 85 per cent the acetylation of sulfanilamide 
taking place in a respiring system (Table IV), has little or no inhibitory 
effect on the rate of acetylation by the pyruvate dismutation system. 
Nembutal (0.001 m) also has no effect on the rate of acetylation in this 
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system. Chloretone, like DNP, has no appreciable effect on the rate of 
sulfanilamide acetylation in the presence of acetate and ATP. 


Acetylation of Sulfanilamide by Mixture of Rat Brain Homogenate 
and Pigeon Liver Extract 


The addition of an extract of acetone-dried pigeon liver to a homogenate 
of rat. brain results in a system which is capable of a high rate of sulfanila- 
mide acetylation in the presence of pyruvate orfumarate. Typical results 


TaB.e III 


Effects of Pyruvate, Fumarate, and Malonate on Sulfanilamide Acetylation by Mizture 
of Rat Brain Homogenate and Pigeon Liver Extract 








Supptneet Additions Os uptake | 3 cy 
No. acetylated |by fumarate 
| 
pl. } Y per cent 
1 | Pyruvate 439 130 
- + fumarate | 666 90 31 
Ss 4 None 316 36 
Pyruvate 568 121 
- + fumarate 851 94 22 
Fumarate 724 72 
Malonate 208 45 
Fumarate + malonate 627 94 
Pyruvate + ” 374 121 
” + fumarate + malonate 785 117 3 








Vessel components, rat brain homogenate 0.5 ml., pigeon liver extract 0.8 ml. 
(60 mg. of acetone-dried powder), sulfanilamide initially added 200 7, sodium phos- 
phate buffer, pH 7.5, 0.02 m. Substrate concentrations, sodium pyruvate 0.02 m, 
sodium fumarate 0.006 mM, sodium malonate 0.02 m. All concentrations are final in 
a total volume of 3 ml. Gas phase, air; temperature, 37°. Experimental time, 90 
minutes. 0.2 ml. of 20 per cent KOH in the center well of the Warburg vessels. 


are shown in Table II]. It will be seen (Experiment 2) that but little 
sulfanilamide acetylation takes place in the absence of added substrate. 
Under anaerobic conditions, the presence of fumarate exercises a definite 
inhibition! on the rate of acetylation of sulfanilamide by pigeon liver ex- 
tracts in the presence of acetate and ATP. ‘This is probably due to the 
conversion of fumarate to oxalacetate, which may compete with sulfanila- 
mide for acetyl CoA (10). It will be seen from the results given in Table 
III that under aerobic conditions the addition of fumarate (0.006 m) also 
inhibits the rate of acetylation of sulfanilamide in the presence of pyruvate. 


1 Unpublished observations. 
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At the same time the presence of fumarate increases the rate of uptake of 
oxygen by 50 per cent. 

Malonate, when added in the presence of pyruvate, decreases the uptake 
of oxygen appreciably, but does not affect the rate of sulfanilamide acetyla- 
tion. This may be expected if the rate of citrate formation is too low to 
interfere with sulfanilamide acetylation. However, when fumarate is pres- 
ent, the addition of malonate enhances the rate of acetylation of sulfanila- 
mide and reverses the fumarate inhibition of acetylation in the presence 
of pyruvate. 


TaBie IV 


Inhibition by Chloretone of Rates of Oxygen Uptake and of Sulfanilamide Conjugation 
in Mixture of Rat Brain Homogenate and Pigeon Liver Extract 





Inhibition Sulfanil- |y)+;,: 
Additions Oz uptake | of O2 amide my 
| | uptake | acetylated | yfation 





pl. | per cent | Y | per cent 

Pe naires a tet 9 vain we eee 180 | 34 CO 
I aS Nic cc aiicetin a Siete | 326 | | 146 

si + Chloretone.................... 95 71 22 85 
I, Latte ea tass cae tivae dud caeesea 536 101 

3 + Chloretone................... | 103 81 18 82 
RS OE NE Se re ee eee See 714 148 

+ Chloretone................... | 274 62 58 61 








Vessel components, rat brain homogenate 0.5 ml., pigeon liver extract 0.8 ml. 
(60 mg. of acetone-dried powder), sulfanilamide initially added 200 7, sodium phos- 
phate buffer, pH 7.5, 0.02 m. Other vessel contents as shown; sodium pyruvate 
0.02 m, sodium fumarate 0.02 m, sodium succinate 0.02 m, Chloretone 4.7 * 107 m. 
All concentrations are final in a total volume of 3 ml. Gas phase, air; temperature, 
37°. Experimental time, 90 minutes. 0.2 ml. of 20 per cent KOH in the center 
well of the Warburg vessels. 


Inhibitory Effects of Chloretone on Rates of Oxygen Uptake and 
Sulfanilamide Conjugation 


The results obtained when a relatively high concentration of Chloretone 
(4.7 X 10-* m) is added to the brain-liver system are shown in Table IV. 
The rates of oxygen uptake in the presence of both pyruvate and fumarate 
are greatly reduced and the rate of sulfanilamide acetylation is almost com- 
pletely inhibited. In the presence of succinate, however, Chloretone in- 
hibits the rate of oxygen uptake by 62 per cent. The lower percentage 
inhibition with succinate is due to the fact that succinate is oxidized to 
fumarate at a relatively unimpeded rate, further oxidation of fumarate 
being blocked. The conjugation of sulfanilamide proceeds at a greater 
rate in the presence of Chloretone when succinate is being oxidized than 
when fumarate or pyruvate is substrate. 
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Comparative Effects of Chloretone and 2,4-Dinitrophenol on Rate of 
Sulfanilamide Conjugation in Presence of Succinate 


Typical experimental results shown in Table V illustrate the fact that 
sulfanilamide conjugation may take place during the oxidation of succinate 
to fumarate. It will be seen that there is no significant increase in the 
rate of oxygen uptake or in the rate of disappearance of sulfanilamide when 
fumarate is added to a system containing Chloretone. The addition of 
succinate, however, to the brain-liver system containing Chloretone gives 
rise to an increased rate of oxygen uptake which is accompanied by a 
3-fold increase in the rate of conjugation. In the presence of DNP (10-4 m) 


TABLE V 


Effect of Succinate on Rate of Conjugation of Sulfanilamide by Mixture of Rat Brain 
Homogenate and Pigeon Liver Extract in Presence of Chloretone and DNP 





Additions Os uptake yey 
ul. | 7 
PM Saat ca hn sh deine wanda peeks wens eemeeet 211 34 
oe ke od nt 6, See ee 96 | 16 
_ 4.7 X 10-3 ** + sodium fumarate 0.02 m...... 109 | 16 
vy 4.7X 10%“ + “ succinate 0.02 “......| 302.—is 56 
I rr oS eee elec niae _— he 9 
“ 10-* “ + sodium succinate 0.02 M.................. | 810 | 5 
“ 2X 10-* m + sodium succinate 0.02 m............. | 240 5 





Vessel components, rat brain homogenate 0.5 ml., pigeon liver extract 0.8 ml. 
(60 mg. of acetone powder), sulfanilamide initially added 200 y, sodium phosphate 
buffer, pH 7.5, 0.02 m. All concentrations are final in a total volume of 3 ml. Gas 
phase, air; temperature, 37°. Experimental time, 90 minutes. 0.2 ml. of 20 per 
cent KOH in the center well of the Warburg vessels. 


the addition of succinate to the brain-liver system increases the rate of 
oxygen uptake, but the rate of disappearance of sulfanilamide is completely 
inhibited. 


DISCUSSION 


The different effects of narcotics and of 2 ,4-dinitrophenol on the acetyla- 
tion of sulfanilamide by the pyruvate dismutation system of pigeon liver 
extract, and on the acetylation or conjugation associated with the oxida- 
tion of succinate, indicate a difference between the mechanisms of action 
of these two types of drugs. While narcotics at the concentrations inves- 
tigated have no appreciable effect on the rate of acetylation of sulfanilamide 
by pigeon liver extracts in the presence of pyruvate and DPN, the presence 
of 2 ,4-dinitrophenol (10-* m) inhibits the acetylation markedly. The pres- 
ence of 2,4-dinitrophenol (10-* m), however, does not appreciably inhibit 
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the rate of acetylation of sulfanilamide when acetate and adenosinetriphos- 
phate are present in the system. Moreover, the oxidation of succinate in 
the presence of a concentration of a narcotic, which completely inhibits 
oxygen uptake in the presence of fumarate, gives rise to an appreciable rate 
of conjugation of sulfanilamide. When the narcotic is replaced by 2,4- 
dinitrophenol (10-* m), however, the oxidation of succinate is not accom- 
panied by disappearance of sulfanilamide. 

It is now known that the oxidation of succinate to fumarate is coupled 
with the formation of high energy phosphate (11-14). Bain (7) has 
claimed that the “uncoupling” of phosphorylation from oxidations by bar- 
biturates is demonstrable with the oxidation of succinate as well as with 
that of other substrates. This claim is not supported by our results. Our 
results make it clear, indeed, that the behavior of narcotics such as Chlore- 
tone or the barbiturates (5) on metabolic processes differs from that of 
2,4-dinitrophenol. The effects of narcotics may be understood on the 
basis of their inhibitive action on oxidative steps leading to adenosinetri- 
phosphate synthesis (5). 


SUMMARY 


1. 2,4-Dinitrophenol (10-* m) has no effect on the rate of sulfanilamide 
acetylation by pigeon liver extract in the presence of acetate and ATP, 
but exercises 63 per cent inhibition of the rate of acetylation when this is 
dependent on anaerobic pyruvate dismutation. Neither Chloretone (4.7 x 
10-* m) nor Nembutal (10-* m) has any inhibitory effect on the rate of 
anaerobic acetylation of sulfanilamide. Chloretone (4.7 X 10-* m) brings 
about a large inhibition of the rate of sulfanilamide acetylation in a respir- 
ing system. 

2. The presence of pyruvate or fumarate brings about a high rate of 
sulfanilamide acetylation under aerobic conditions in the presence of a 
mixture of a pigeon liver extract and a brain homogenate. Fumarate in- 
hibits sulfanilamide acetylation by pigeon liver extract and brain homog- 
enate in the presence of pyruvate, the inhibition being reversed by the 
addition of malonate. 

3. Sulfanilamide conjugation takes place during the oxidation of succi- 
nate to fumarate, even in the presence of Chloretone (4.7 X 10-* m). The 
presence of 2,4-dinitrophenol (10-* m), however, brings about a complete 
inhibition of the conjugation of sulfanilamide with but little effect on the 
oxygen consumption. 

4. The results indicate that the behavior of narcotics (Chloretone or 
barbiturates) on metabolic processes differs from that of 2 ,4-dinitrophenol. 


We are much indebted to the Banting Research Foundation for a grant 
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to one of us (W. J. J.) and to the Rockefeller Foundation for a grant which 
made this work possible. 
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THE SEPARATION AND IDENTIFICATION OF 
MIXTURES OF C2 AND Cy STEROIDS BY 
PAPER CHROMATOGRAPHY* 


By LEONARD R. AXELROD 
WITH THE TECHNICAL ASSISTANCE OF MADELINE GOLDSTEIN 


(From the Department of Radiation Biology, The University of Rochester School of 
Medicine and Dentistry, Rochester, New York) 


(Received for publication, February 20, 1953) 


Paper chromatographic techniques have been reported for the separa- 
tion and identification of steroid compounds related to progesterone and 
testosterone, in which impregnated filter paper (1-4) and steroid complexes 
(5, 6) are utilized. After preliminary investigations on the separation of 
progesterone and its metabolites (7), however, it became apparent that 
progesterone-like C2; compounds from biological media (i.e., blood and 
urine) could not be chromatographically separated by any of the above 
procedures without gross contamination with metabolites of the Cp series 
and vice versa. This is probably related to the fact that the solubilities 
and ‘“‘polarities” of the two groups are similar. The need for procedures 
by which mixtures of closely related free steroids of the two series can be 
separated has led to the development of techniques reported here. 

The solvent systems of Decalin-formamide, cyclohexene-formamide, 
methyleyclohexane-propylene glycol, and methylcyclohexane-1 ,3-butane- 
diol proved most satisfactory, giving the best chromatographic resolutions 
and the most convenient time intervals for development. 

Modifications of the Zimmermann (8), Lund (9), and van Zijp (10) tests 
have been adapted to the detection of micro quantities of the steroids on 
paper chromatograms. Triphenyltetrazolium chloride (11), fuming sul- 
furic acid (15 per cent free SO;) (12), and antimony pentachloride (12) 
were also used in this investigation for identifying the steroids. 

The technique in which the absorption spectra of corticosteroid sulfuric 
acid chromogens (13) were utilized was adapted to the C2; and Cy steroids 
for further aid in identification. 


Materials 


1. Before use, crystalline steroids! were purified by the paper chromato- 
graphic methods described below. The purified compounds were then used 


* This investigation was supported principally by a research grant from the Jane 
Coffin Childs Foundation for Medical Research and is based in part on work per- 
formed under contract with the United States Atomic Energy Commission at the 
University of Rochester Atomic Energy Project, Rochester, New York. 

1 The author wishes to thank Dr. T. F. Gallagher, Dr. W. J. Haines, Dr. E. B. 
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for assessing the sensitivity of spot tests and for measuring the absorption 
spectra of their sulfuric acid chromogens. 

2. Solvents. (a) Formamide, c.p., and propylene glycol. (6b) Decalin 
(decahydronaphthalene), methylcyclohexane, both redistilled; cyclohexene, 
1 ,3-butanediol, Eastman Kodak Company. (c) Redistilled absolute meth- 
anol, c.p., redistilled chloroform, c.p. 

3. Filter paper, Whatman No. 1, supplied in sheets 18} 223 inches. 
Before using it for chromatographic procedures, the paper was washed in 
a “chromatocab” with 2 N acetic acid, distilled water, and distilled metha- 
nol for 3 days with each liquid, respectively, and then finally air-dried. 

4. Chromatographic apparatus as described by Burton et al. (11). 

5. Color reagents. (a) 2 volumes of 1 per cent methanolic solution of 
m-dinitrobenzene and 1 volume of 15 per cent aqueous potassium hydroxide 
are mixed just before use. (b) 0.15 gm. of 2,4-dinitrophenylhydrazine is 
dissolved in 25 ml. of distilled water and 22 ml. of concentrated hydro- 
chloric acid. Enough distilled water is then added to make 100 ml. of this 
reagent. (c) Hydriodic acid (sp. gr. 1.5) is saturated with c.p. iodine. 1 
ml. of this is diluted to 10 ml. with tap water just before use. (d) Fuming 
sulfuric acid (15 per cent free SO;). (e) A solution of triphenyltetrazolium 
chloride, 0.2 per cent, as prepared by Burton et al. (11). (f) A solution of 
1 part of antimony pentachloride in 1 part of chloroform. by volume (12). 

6. An ultraviolet desk lamp (Mil. 2F/C) obtained from the G. W. Gates 
Company, Long Island City, New York. 


Methods 


The preparation of the paper strips and application of steroids to them 
were exactly as described in a previous communication (12). When the 
Decalin and cyclohexene solvents were used, the filter paper strips of ap- 
propriate size were first dipped in a solution of 1 part of formamide and 1 
part of absolute methanol by volume and blotted between washed and 
dried filter papers. For use with methylcyclohexane, the paper was dipped 
in either propylene glycol or a 50 per cent solution by volume of propylene 
glycol in absolute methanol or in 1,3-butanediol, depending upon which 
compounds were to be separated, and then blotted as mentioned above. 

After each chromatogram was dried by means of a cold air fan, narrow 
strips, approximately 2 to 3 mm. in width, were cut from the middle of the 
chromatogram and developed with the color reagents in the following man- 
ner. The fuming sulfuric acid and antimony pentachloride were applied 
as described by Axelrod (12). The acid was pipetted lengthwise onto a 
glass plate and the paper strip immersed with the aid of a glass rod. The 





Hershberg, Dr. W. H. Pearlman, Dr. C. R. Scholz, and Dr. A. Zaffaroni for their 
generous gifts of steroids in this investigation. 
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plate was then viewed under the ultraviolet lamp for fluorescent spots on 
the paper strip. With the antimony pentachloride reagent, the strip was 
passed through the solution and air-dried. With the 2 ,4-dinitrophenylhy- 
drazine reagent each strip was immersed in the solution, held in the air 
for 2 minutes, and then blotted. After immersion of a strip in the m- 
dinitrobenzene solution, it was placed on a glass plate, lifted, and replaced 
to remove the excess solution, and the glass plate was then heated on a 
Lindberg hot-plate until maximal color was attained. Each strip used with 
the hydriodic acid test was momentarily immersed in the solution and 
rinsed in cool tap water until the background was free of color. 

In addition to the array of colors produced by the above spot tests and 
the position of the compounds on each chromatogram, specific identifica- 
tion of each steroid was further achieved by obtaining the absorption spec- 
trum of its sulfuric acid chromogen. This was done by adding a suitable 
quantity of the steroid eluted from the chromatogram (approximately 50 
to 100 +) to 3 ml. of concentrated c.p. sulfuric acid and allowing the mixture 
to stand at 22-24° for 2 hours (12). The absorption spectrum was then 
observed in a Beckman spectrophotometer from 220 to 600 mu. 

Washing the filter paper as described under “Materials” largely elimi- 
nates extraneous substances which have high absorption in the range 220 
to 600 my, and which, therefore, may interfere with the interpretation of the 
absorption spectra. 


RESULTS AND DISCUSSION 


For simplicity and clarity the compounds investigated are given num- 
bers (Table 1) which are then used as a key to Figs. 1 to 3 and the text. 
The positions of a mixture of C2:03-, C2Oe2-, and CyyO-2-free steroids chro- 
matographed in the four solvent systems on strips 2 cm. wide for typical 
intervals of time are diagramed in Fig. 1. The chromatographic resolution 
of this mixture facilitates the investigation of whole neutral steroid frac- 
tions from urine and blood, in which media representative metabolites of 
progesterone, testosterone, and cortical steroids may exist together. When 
a whole neutral steroid fraction has been chromatographed in a benzene- 
formamide solvent system (11) for approximately 6 hours, the effluent sol- 
vent overrunning the chromatogram and collected in a beaker will contain 
those steroids, which are then rechromatographed and resolved by the pro- 
cedures described in Fig. 1. The steroids remaining on the benzene-form- 
amide chromatogram are those containing four and five oxygen functions 
on the molecule. 

If it is known that a mixture contains only steroid metabolites of a C203 
nature, the chromatographic procedure is simplified and Steps III, IV, and 
V may be followed. Similarly if only C202 compounds are known to be 
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present in a mixture, then Steps I, XIII (Fig. 2), VIII, and IX are followed. 
Steps XI, XII (Fig. 2), and X are used when C,02 metabolites are the main 
constituents of a mixture. 

It is difficult to generalize as to the effects of “polarity” on the relative 
mobility of steroid compounds, but some generalizations made by Savard 
(4) appear to hold true. In addition, it may be seen from a study of Fig. 
1 that somewhat more subtle alterations in the steroid molecule alter its 
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Fig. 1. Diagram of position of free steroids in a mixture chromatographed in the 
following systems: D/F, Decalin-formamide; C/F, cyclohexene-formamide; M/P, 
methylcyclohexane-propylene glycol (*, diluted with methanol; ¢, undiluted); M/B, 
methylceyclohexane-butanediol. The color reagents used to detect the compounds 
are described in the text. 


movements. For example, the effect on polarity of the absence of a 2- 
carbon side chain in the CyO2 compounds is roughly equivalent to the 
effect of the presence of a hydroxyl group in the C2 steroids. Thus many 
of the C02 steroids appear to be more polar than some C20; compounds 
(e.g., Compounds 22 and 6). Perhaps even more striking is the effect of 
C2, compounds on the speed of movement of Cis compounds. A compari- 
son of Steps III, IV, and V with Steps XI and XIII attests to the fact that 
C2: steroids inhibit the movement of all compounds in the mixture. (Fig. 
1 represents the average movements of compounds in more than 400 chro- 
matograms 2 cm. wide, run at 24° + 2°.) 

From an examination of Steps I, II, V, and VI and Fig. 3 it can be seen 
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that the functional groups on the steroid molecules alone are not responsible 
for their relative movements. The usual considerations of “polarity” as 
applied to chromatography (4, 11) must be reexamined in the light of both 
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Fig. 2. Diagram of position of free steroids of the Cze:02 and C1902 series chro- 
matographed in separate groups. The remaining compounds of the two series are 
found chromatographed in Steps IX and X of Fig. 1. 

Fia. 3. Position of free steroids chromatographed in cyclohexene-formamide (di- 
luted with methanol) to demonstrate the effect of the solvent phases on the relative 
mobility of the compounds as described in the text. 


the functional groups in the steroid molecule and the solvent systems used. 
With propylene glycol (containing hydroxyl groups alone as functional 
moieties) as the stationary phase and a completely saturated molecule 
(methyleyclohexane, Decalin, ligroin) as the mobile phase, the relative 
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movement of compounds may be generally predicted. However, the intro- 
duction of different solvent systems (formamide, cyclohexene, benzene) 
containing other functional groups and basic structures (amides, resonance 


TABLE I 


Color Reagents Used to Detect Positions of Steroids 











i] 
wre 5 : Sulfuric acid : 
Steroid es (IS percent | pentachlorde 
S) | 
CuOs | 
A’-Pregnene-38,17a-diol,20-one| 1! Br.-or. Or. | Br. 
A’-Pregnene-38,21-diol-20-one | 2) Y.-br. | L. br. 
Allopregnane-3,21-diol-20-one| 3} Or.-br.-p. Gr.-y | Bl. = br. 
17-Hydroxyprogesterone 4 Bl. > 1. br. Or. | Br. 
Desoxycorticosterone | §)| Or.-br. > gr.-bl. e Gr.-bl. 
Allopregnane-21-ol-3,20-dione | 6 G.-bl. > br. L. gr.-y. | Br. 
C02 | 
Allopregnane-3« , 20a-diol 7| Or Br. 
Pregnane-3a, 20a-diol | 8 “ “ 
Allopregnane-38, 20a-diol 9) Bl. = $s 
A’-Pregnene-3£-ol ,20-one 10|  Br.-or. . y.-gr. 5 
Allopregnane-38-ol-20-one 11| BI. “* gr.-y. - 
Pregnane-3a-ol-20-one | 12 Y.-br. oii « 
Progesterone 13) Br.-or. L. br. 
Allopregnane-3 , 20-dione | 14| L. br.-or. 
Pregnane-3 , 20-dione lim * « 
C02 | | 
A’-Androstene-38, 17a-diol 16) Or.-br. Or. Br. 
Androstane-3a, 17a-diol 17| Oc. Y. sts 
Testosterone 18| Or.-br. L. or.-y Bl.-gr. 
Dehydroepiandrosterone | 19 a we 2 Br 
Epiandrosterone | 20) “ -br.-bl. Or.-y a 
Androstane-178-ol-3-one | 21) Br. Pi.-y. |} «8 
Androsterone | 22) L. br.-y. - | BI. = br. 
A‘-Androstene-3, 17-dione 23; Or.-br. Bl.-gr. | R.-br. 
Androstane-3,17-dione | 24, Oc. Pi. | 
5-Isoandrostane-3, 17-dione ilies “ 


(etiocholanedione-3 , 17) 











Br. = brown, or. = orange, bl. = blue, p. = purple, r. = red, y. = yellow, gr. = 


green, oc. = ochre, g. = gray, 1. = light, pi. = pink. 


due to unsaturation in the ring structure, and different dipole moments) 
changes the relative movement of compounds, and the usual considerations 
of polarity are no longer wholly valid. The relative movement of com- 
pounds in a cyclohexene-formamide system (Fig. 3) presents data difficult 
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Fic. 4. Absorption spectra of sulfuric acid chromogens. Curve a, allopregnane- 
38,21-diol-20-one; Curve b, 17 hydroxypregnenolone; Curve c, A*-pregnene-38,21- 
diol-20-one. All quantities approximately 100 to 125 y per 3 ml. of concentrated 
sulfuric acid. The peaks for desoxycorticosterone as reported by Zaffaroni (13) have 


been confirmed in this laboratory and, therefore, are not included in this communi- 
cation. 
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Fic. 5. Absorption spectra of sulfuric acid chromogens. Curve a, pregnane-3a- 
ol-20-one; Curve b, pregnenolone; Curve c, allopregnane-21-ol-3,20-dione. All quan- 
tities approximately 80 to 110 y per 3 ml. of concentrated sulfuric acid. 
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to interpret on the basis of functional groups alone. Momentarily a “re- 
versed phase” seems to exist (as compared to Step IV in Fig. 1), but, if 
this were so, it would be expected that Compound 4 should be located just 
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Fic. 6. Absorption spectra of sulfuric acid chromogens. Curve a, progesterone; 
Curve b, 17 hydroxyprogesterone; Curve c, allopregnane-36-ol-20-one. All quanti- 
ties approximately 80 to 100 y per 3 ml. of concentrated sulfuric acid. 
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Fig. 7. Absorption spectra of sulfuric acid chromogens. Curve a, pregnane- 
3a,20a-diol; Curve b, allopregnane-3a,20a-diol; Curve c, allopregnane-36, 20a-diol. 
All quantities approximately 90 to 110 y per 3 ml. of concentrated sulfuric acid. 
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Fic. 8. Absorption spectra of sulfuric acid chromogens. Curve a, androsterone; 
Curve b, androstane-178-ol-3-one; Curve c, dehydroepiandrosterone. All quantities 
approximately 90 to 110 y per 3 ml. of concentrated sulfuric acid. 
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below Compound 5 and above Compound 2 and Compound 17 somewhere 
between Compounds 2 and 3. Other discrepancies may also be observed in 
the movement of compounds upon analysis of Figs. 1 to 3; for example, 
the reversed movement of Compounds 22 and 23 in Step I (Decalin-form- 
amide) and Step III. The relative movement of steroids with functional 
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Fig. 10. Absorption spectra of sulfuric acid chromogens. Curve a, A‘-androstene- 
3,17-dione, approximately 50 y per 3 ml. of concentrated sulfuric acid; Curve b, 
androstane-3,17-dione and etiocholane-3,17-dione, approximately 100 y per 3 ml. of 
concentrated sulfuric acid; Curve c, epiandrosterone, approximately 90 y per 3 ml. 
of concentrated sulfuric acid. ' 


groups attached appears to be a function of the relative solubilities of the 
functional groups and the steroid nucleus as a whole in both solvent phases. 

In Table I are summarized the data concerning three of the six color 
reagents used to detect steroids on paper chromatograms. In general the 
functional groups a@,8-unsaturated ketones, 17-ketones, and C;-hydroxyls 
on a molecule containing methyl ketone or a-ketol side chains are very 
sensitive to the hydriodic acid reagent. Compounds may be detected in 
quantities of 8 to 20 y in a chromatogram 1 cm. wide after development. 
The fuming sulfuric acid reagent is less specific, but has a wider range of 
sensitivity, and hence some compounds of those giving color reactions (e.g., 
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“pregnanediols”) may be detected in quantities as little as 5 y, whereas 
50 y of androstanedione are needed for detection. The antimony penta- 
chloride reagent is most useful for compounds containing hydroxyl groups. 
Sensitivities range from 20 to 50 y ina chromatogram. The color reactions 
of 2,4-dinitrophenylhydrazine and m-dinitrobenzene are similar to those 
described by Kochakian and Stidworthy (2) and permit the detection of 
between 5 and 10 y of a compound on a chromatogram. The preparation 
of the dinitrophenylhydrazine reagent, as described under ‘‘Materials,” 
makes it more specific for 3-ketosteroids and a, 6-unsaturated ketosteroids; 
even 70 y of a 17-ketosteroid (without the above functional groups) are 
not detected. 

The absorption spectra of the sulfuric acid chromogens of the steroids 
are illustrated in Figs. 4 to 10. It may be seen that epimers of a compound 
give very similar spectra and characterization of epimers is best supported 
by chromatographic movements, mixed chromatograms, and color tests 
(e.g., Compounds 7, 8, and 9, 11 and 12, 20 and 22). The above procedures 
are also necessary for characterization of compounds which show a single 
peak in the region 280 to 320 my. Compounds 14 and 15 do not give 
ultraviolet absorption spectra which have discrete peaks useful for identi- 
fication. 

The above techniques have been utilized in the analysis of blood, urine, 
and tissue homogenates for steroid metabolites, the results of which will 
be included in further communications. 


SUMMARY 


A procedure for the paper chromatographic separation of C2:03, C202, 
and CyyO2 steroid compounds in a single mixture or as separate groups has 
been described. The solvent systems Decalin-formamide, methylcyclo- 
hexane-propylene glycol, cyclohexene-formamide, and methylcyclohexane- 
1,3-butanediol have been devised and utilized in developing the chroma- 
tograms. 

Hydriodic acid, fuming sulfuric acid, antimony pentachloride, m-dinitro- 
benzene, 2 ,4-dinitrophenylhydrazine, and triphenyltetrazolium chloride re- 
agents were used for the detection of the steroids on chromatograms. Ab- 
sorption spectra of the steroids treated with sulfuric acid were presented as 
aids in their final identification. 


The author wishes to express his appreciation to Dr. Leon L. Miller for 
his help in the preparation of this manuscript. 
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The biochemical study of homogentisic acid may be said to have begun 
with the work of Wolkow and Baumann (3), who demonstrated the relation 
of this compound to the metabolism of tyrosine. The intervening years 
have seen much effort expended on studies of the pathway of formation of 
homogentisic acid, but little on its further metabolism beyond the early 
discovery that it gives rise to ketone bodies in the animal organism (4) and 
the more recent finding that fumarylacetoacetic acid is an intermediate 
in this process (5). 

Suda and Takeda (6) have reported that the oxidation of homogentisic 
acid to acetoacetic and fumaric acids in a liver preparation requires the 
presence of ferrous iron, that phosphate is needed for the complete reaction, 
and that KCN and various carbonyl-combining reagents do not inhibit 
the process. 

The results reported in this paper consist, in part, of a confirmation and 
extension of the work of Suda and Takeda. In addition, certain major 
points of disagreement will be noted. 


Methods 


Materials—The earlier experiments were performed with rat liver acetone 
powders, prepared as described previously (7). More recently, beef liver 
acetone powders have been obtained from Armour and Company through 
the courtesy of Dr. Lawrence L. Lachat. In all cases, the powders were 
extracted for 1 hour in the cold with 10 volumes of the buffer required by 
the experiment and clarified by centrifugation before use. 1 ml. of the 
supernatant solution was used in each Warburg flask for manometric meas- 
urements. 


Homogentisic and benzoquinoneacetic acids were synthesized by the 


* This investigation was supported in part by research grants from the National 
Institutes of Health (RG-1746-C2) and the National Cancer Institute (C-1803-C3), 
United States Public Health Service. A preliminary report was presented before 
the Forty-fourth annual meeting of the American Society of Biological Chemists 
at Chicago, April, 1953 (Federation Proc., 12, 265 (1953)). Papers on the same general 
subject were presented also by two other laboratories (1, 2). 
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methods of Abbott and Smith (8) and Mérner (9), respectively. Chemi- 
cals employed as inhibitors or activators were of reagent grade or were 
purified before use. 


TaBie I 
Inhibition of Oxidation of Homogentisic Acid 


Each vessel contained 10.0 um of homogentisic acid, 1.0 ml. of 10 per cent extract 
of beef liver acetone powder in tris(hydroxymethyl)aminomethane buffer, 0.2 m, 
pH 7.4, and the designated molarity of inhibitor in a total volume of 3.0 ml. The 
incubation time was 1 hour at 37.5° in oxygen. 


| Per cent inhibition 


























Inhibitor MX 108 | ri 
| | Uptake of Oz | ——- 
Agents forming metal complexes 
PA IEE 5665. cite cee ccwcesceeebeves 11.0 28 100 
o-Phenanthroline......................0.005 | 5.0 78 100 
Ethylenediaminetetraacetic acid... . sean 3.3 92 100 
Diethyl dithiocarbamate................... orf 84 | 90 
8-Hydroxyquinoline........................ 3.3 | 100 | 100 
I Serer seth n te carats or aah ach dened 3.3 73 
Agents forming carbonyl complexes 

eee ee 3.3 98 96 
Hydrazine............... 3.3 44 | 71 
I 6555, ois 60.5 So dyer eh ve olen Be 3.3 30 | 92 
Dimedone...... PR face entk ne hic eae 3.3 55 55 
chek a Soca con arias adhe itmanss 3.3 61 81 
aS. 2 hres js sntesrenae to | 0.13 10 87 

EON Seed brn OE eer tai See berate ote whe 1.3 48 100 

PPE Wie libs, teem aie Pan ob heard elena 13.0 60 100 

vole ERE AR ASRS DE Oe PORES oo re | 130.0 84 100 

Quinones and hydroquinones 

ee ee 3.3 73 
p-Benzoquinone....................ceeeeeee 3.3 62 | 
p-tolu-Hydroquinone....................... 3.3 63 
S0Uts-P-QUINONE...... 0... ccc c cece ceies 0.22 | 27 | 








Techniques—Manometric measurements of oxygen consumption were 
performed by the standard Warburg techniques in an atmosphere of oxygen 
at a bath temperature of 37.5°. In most experiments, tris(hydroxy- 
methyl)aminomethane buffer, 0.2 m, pH 7.4, was used. Acetoacetic acid 
was determined by the aniline citrate method of Edson (10). 
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Results 


Phosphate Requirement—It was found early in the present work that 
there is no specific requirement for phosphate, contrary to the report of 
Suda and Takeda (6). Therefore, tris(hydroxymethy!l)aminomethane buf- 
fer has been used routinely. Phosphate and borate are also satisfactory, 
whereas maleate seems to be somewhat inhibitory. 

Species—Active acetone powders have been obtained from the livers of 
the rat, beef, and hog. All have similar properties and comparable activ- 
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MINUTES PRE-INCUBATION 

Fic. 1. Time-course of development of inhibition by ethylenediaminetetraacetic 
acid. Each flask contained 10 um of homogentisic acid in one side arm and inhibitor 
inanother. The main space contained 1.0 ml. of a 10 per cent extract of the acetone 
powder in tris(hydroxymethyl)aminomethane buffer, 0.2 M, pH 7.4. O, a rat liver 
preparation; @ and @, beef liver. Molarity of the final inhibitor was 8.1 X 107? 
(O), 6.7 X 10-3 (@), and 3.3 K 10°? (@). Total volume, 3.0 ml. After equilibra- 
tion and gassing with Oz, inhibitor was tipped in and allowed to preincubate with 
the enzyme at 37.5° for various lengths of time, after which substrate was tipped in 
and oxygen uptake measured for 30 minutes. 


ities. A single sample of commercial pigeon liver acetone powder did not 
oxidize homogentisic acid. 

Inhibition of Homogentisate Oxidation—As shown in Table I, we have 
been able to confirm the inhibition by dipyridyl reported by Suda and 
Takeda, and have extended the observations to other agents forming metal 
complexes. The result with cyanide, however, is contrary to that observed 
by the authors quoted. 

A measurable length of time is required for the development of inhibi- 
tion by ethylenediaminetetraacetic acid, as indicated in Fig. 1. Only one 
of the three experiments shows zero inhibition at zero time, since, in the 
first place, the inhibition develops so rapidly initially that accurate deter- 
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minations are impossible in short periods of preincubation and, secondly, 
some further development of inhibition occurs during the 30 minutes of 
assay following the preincubation. 

Suda and Takeda have reported that aniline and semicarbazide are not 
inhibitory to the oxidation of homogentisic acid, concluding from this that 
carbonyl-containing compounds (e.g., quinones) are not intermediates in 
the reaction. As shown in Table I, aniline, semicarbazide, and several 
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Fia. 2. Ferrous iron reversal of inhibition by ethylenediaminetetraacetic acid. 
1.0 ml. of a 10 per cent extract of beef liver acetone powder in tris(hydroxymethy])- 
aminomethane buffer, 0.2 m, pH 7.4. Total volume, 3.0 ml. Molarity of inhibitor, 
6.7 X 10-*in O and A. Noinhibitorin @. 104m of homogentisic acid in each flask. 
After gassing with O2, substrate tipped in and O, uptake measured for 15 minutes, at 
which time (arrow) 10 microatoms of Fe++ (A) or Cutt (©) were added to the in- 
hibited flasks. 


other similar types of reagents are inhibitory in our system. A recent 
complication has arisen (to be discussed below), in that ferrous iron has 
been found to reverse the inhibition of the consumption of oxygen effected 
by the compounds listed in this group. 

Various quinones and hydroquinones are also inhibitors (Table I). In 
addition, benzoquinoneacetic acid (see below) can be considered a member 
of this group. 

Activation of Homogentisate Oxidation—A preliminary experiment. per- 
formed some time ago on an aged extract of rat liver acetone powder 
resulted in a considerable reactivation by Fet++, whereas negative results 
were obtained with Cu**, Fet**+, Zn*++, Co++, Mgt+, and Mnt+. More 
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recent data obtained in different types of experiments have led to the same 
conclusions. For example, Fig. 2 shows the reversal by Fe*++ of the in- 
hibition caused by ethylenediaminetetraacetic acid contrasted with the 
lack of effect of Cut. 

Other approaches to this problem are shown in Table II. The oxidizing 


TaBLeE II 


Activation of Oxidation of Homogentisic Acid 


Each vessel contained 10.0 um of homogentisic acid, 1.0 ml. of 10 per cent extract 
of acetone powder in tris(hydroxymethyl)aminomethane buffer, 0.2 m, pH 7.4, and 
the designated supplement in a total volume of 3.0 ml. The vessels were incubated 
at 37.5° in oxygen for 30 minutes. 


Ro 4 n* Supplement Uptake of O2 pt moe shay 
al. pl. 

A None 115 101 
10 um Fe** 181 71t 

10 ‘* ascorbate 140 131 

| 10 “* Fe**+ + 10 um ascorbate 115 56T 

B | None 8 3 
| 1 um Fe*+ 1038 8 

0.5 uM ascorbate 31 3 

1 um Fet+* + 0.5 uM ascorbate 106 18 

Cc | None 21 0 
| 1 um Fe 42 0 

| 10 ‘* ascorbate i an 57 

| 1 “ Fet+ + 10 um ascorbate 148 117 


* Preparation A was untreated beef liver acetone powder. In Preparation B, 
an extract of Preparation A was acidified to pH 5 to 6, allowed to stand at room 
temperature for 10 to 15 minutes, then adjusted to pH 7.4 before use. In Prepara- 
tion C, ground beef liver was exposed to the mild acidification resulting from con- 
tact with solid carbon dioxide before being converted into acetone powder. 

+ These values represent incomplete decarboxylation in the aniline citrate 
method. A slowly decarboxylating substance was present, probably fumarylaceto- 
acetic acid. 


ability toward homogentisic acid of untreated acetone powder (Preparation 
A) is increased somewhat by Fe** or ascorbic acid. The same effect is 
exhibited more strikingly by an extract of the same powder which was 
subjected to mild acidity (Preparation B), a procedure used previously by 
Knox and Lemay-Knox (11) for the purpose of inhibiting the oxidation of 
homogentisic acid. In a third type of experiment (Preparation C), the 
liver was also exposed to mild acidity, but prior to its conversion to acetone 
powder. In addition to the data shown, it has been found that Fet**, 
Cu**, and Cut are inactive in these preparations, whereas effects similar 
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to that of ascorbic acid are given by p-isoascorbiec acid, dehydroascorbiec 
acid, and glutathione. 

Benzoquinoneacetic Acid—Data from two experiments selected as typical 
of a larger group are presented in Table III. Benzoquinoneacetic acid is 
not oxidized by all liver extracts; when it is, the rate of oxidation is inferior 
to that of homogentisic acid and the yield of acetoacetate is negligible, 
The rate of oxidation is not improved by the addition of Fe+*. In all 
cases, benzoquinoneacetic acid is inhibitory to the oxidation of homogen- 
tisic acid, a property it shares with other quinones (Table I). 


TaB.e III 


Comparison of Oxidation of Benzoquinoneacetic and Homogentisic Acids, and Effect 
of Former Compound on Latter 


Two experiments of 1 hour each, with the indicated quantities of compounds, 
Enzyme extract and other conditions as in Table I. 


Formation of 


Additions Uptake of O2 











acetoacetate 

pl. ul. 
AE ETERS Lee 113 
5 ‘* benzoquinoneacetic.....................000 cece eee 0 
5 ‘* homogentisic + 5 um benzoquinoneacetic........... 33 
5 wm benzoquinoneacetic......................0ce eee eeee 17 8 
10 “ el I Re pe ees ne nee 46 5 
20 “ Se Rh tee ot DE Oe aay Wi arena ees 21 1 
tt I 5 ood oven dle asain dU New Rorace dale a 91 78 
10 “ ” + 54m benzoquinoneacetic....... 48 4 
10 “ - +10 “ " rca 25 S 
10 “ ai + 20 “ * pees ae 3 9 

DISCUSSION 


The absence of phosphate from the medium, contrary to the results of 
Suda and Takeda, has no adverse effect on the oxidation of homogentisic 
acid to acetoacetic acid. This may be taken to mean that no obligatory 
phosphorolytic step is involved. The “triacetic acid-splitting” enzyme 
(12), for example, which is apparently identical with the fumarylacetoacetic 
acid-splitting enzyme (5), catalyzes a purely hydrolytic cleavage. 

The claim (6) has been confirmed that ferrous iron is required by the 
system, both by means of several types of agents forming metal complexes 
and by replacement experiments with partially inactivated systems. The 
demonstration that the inhibition by ethylenediaminetetraacetic acid re- 
quires a finite period of time to attain completion suggests that the metal 
is not in simple ionic linkage with its apoenzyme. This view is supported 
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by the difficulty encountered in attempting to inactivate the system by 
dialysis. ihe 

The exact réle of ferrous iron in the oxidation of homogentisic acid cannot 
be formulated at this time. The inactivity of ferric iron would seem to 
militate against the view that iron takes part directly in an oxidative step. 
However, the possibility remains that ferrous iron is the specific form which 
combines with the protein apoenzyme, in which combination it partici- 
pates in oxidation-reduction cycles. 

Suda and Takeda are of the opinion that the sole function of ascorbic 
acid in homogentisic acid metabolism is that of a reducing agent, aiding 
in the preservation of the ferrous form of iron. In our experiments, D-iso- 
ascorbic acid, dehydroascorbic acid, and glutathione exhibited activities 
comparable to that of ascorbic acid, indicating a lack of specificity as 
regards both configuration and state of oxidation, not to mention general 
chemical structure. A few experiments have seemed to indicate a réle for 
ascorbic acid in addition to its reducing action on iron, but the effect has 
not been produced consistently. Activation by ascorbic acid of liver prep- 
arations to which no Fe** was added is probably due largely to the reducing 
action on Fet++ contained in the preparation. 

Contrary to the report of Suda and Takeda, we have found cyanide, 
aniline, and semicarbazide to be effective inhibitors. In addition, several 
other “carbonyl reagents” are inhibitory. The obvious conclusion, that 
carbonyl-containing compounds (e.g., ketones or quinones) are thus shown 
to be intermediates, is rather dubious, since the inhibition by the ‘“‘carbonyl 
reagents”’ is reversed by Fet++. These compounds would seem to be acting 
in a manner similar to that of the chelating agents. The question, whether 
carbonyl-containing compounds are intermediates in the oxidation of homo- 
gentisic acid, therefore remains open. 

The chelating agents and the carbonyl-combining agents (which may 
also form iron complexes in these experiments) often inhibit the formation 
of acetoacetate to a greater extent than the consumption of oxygen (Table 
I). This effect is especially noticeable in the case of dipyridyl, hydrazine, 
hydroxylamine, and aniline. It suggests that the substance being affected 
(Fe++ ?) is involved in reactions succeeding those in which the major 
consumption of oxygen occurs, but preceding the formation of acetoacetate, 
or indeed, fumary] acetoacetate. 

There is no immediate explanation for the inhibitory action of quinones 
and hydroquinones. Quinones, due to their high oxidation-reduction po- 
tentials, may oxidize certain essential groups in the enzymes (Fe**+, —SH). 
Hydroquinones may be competing with homogentisic acid for the enzyme 
surface. 

The réle of benzoquinoneacetic acid in the metabolism of homogentisic 
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acid remains obscure. The possibility cannot be excluded that, in those 
experiments indicating oxidation of benzoquinoneacetic acid, an initial re- 
duction to homogentisic acid takes place. The inhibitory nature of benzo- 
quinoneacetic acid, as a quinone, would seem to be a potent argument 
against its participation as an intermediate. Nevertheless, the possibility 
remains that benzoquinoneacetic acid is normally produced in minute quan- 
tities which can be handled by the enzyme systems, its concentration never 
reaching the self-inhibitory or homogentisic-inhibitory level. Alterna- 
tively, the compound may lie on a by-path of metabolism, accumulating 
only under pathological conditions (13). However, its occurrence even 
in these circumstances has been questioned (14). 

It is to be expected that answers to many of the problems raised in the 
foregoing discussion will be forthcoming only after separation of the several 
enzymes which comprise the total system for the conversion of homogentisic 
acid to fumarylacetoacetic acid. Experiments along these lines are cur- 
rently under way. 


SUMMARY 


1. The participation of ferrous iron in the oxidation of homogentisic 
acid has been confirmed. Ascorbic acid potentiates the action of iron in 
many cases. 

2. No specific réle for phosphate has been found in these reactions. 

3. The oxidation of homogentisic acid is inhibited by certain quinones 
and hydroquinones. 

4. No conclusion can be drawn at the present time regarding the réle 
of quinonoid or other carbony]-containing intermediates in the metabolism 
of homogentisic acid, aithough the participation of benzoquinoneacetic acid 
seems improbable. 
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PEPTIDASE AND PROTEINASE ACTIVITY OF BEEF 
THYROID TISSUE* 


By BENJAMIN WEISS 
(From the Research Division, Harper Hospital, Detroit, Michigan) 


(Received for publication, April 2, 1953) 


It is generally accepted that the release of thyroid hormone from its 
place of deposition in the follicular cavities of the gland into the systemic 
circulation, although under pituitary control, is directly mediated by the 
enzyme (or enzymes) responsible for the splitting of thyroglobulin, the 
storage form of the hormone. Since the cell membrane is impermeable to 
thyroglobulin (1), it has been assumed of necessity that this high molecular 
weight molecule must first be cleaved into a smaller activity-bearing frag- 
ment in order that passage may be gained to the peripheral tissues. The 
evidence thus far in support of this view has been the demonstration by 
DeRobertis (2) of a proteinase within the colloid of single rat thyroid 
follicles, a finding which has been confirmed by later investigations with 
extracts of thyroid tissue from other sources and by the use of different 
substrates (3-5). Since the literature revealed that no systematic ap- 
proach had been conducted toward the further characterization of this 
proteinase, such a study was undertaken, together with a search to ascer- 
tain the possible presence of peptidase activity. The observations made 
in the course of these experiments form the basis of the present communi- 
cation. 


EXPERIMENTAL 


The glands, obtained from exsanguinated animals, were collected as pre- 
viously described! (6). After the removal of fat and connective tissue, the 
trimmed glands were homogenized for 1 minute in 9 volumes of cold dis- 
tilled water in a Waring blendor and then filtered through a single layer of 
cheese-cloth. The resulting filtrate was employed directly as the enzyme 
source in both the peptidase and proteinase studies. Subcellular fractions 
were isolated as outlined earlier (7). The separated nuclei and mitochon- 
dria were resuspended before use in either cold distilled water or isotonic 
KCl, whereas the submicroscopic particulate fraction was examined for 
activity directly from the 0.88 m sucrose solution in which the initial 


* This study was aided in part by a grant from the Kresge Foundation. 

1 Appreciation is expressed to Mr. Emil Hofman of Hygrade Food Products Cor- 
poration, Detroit, Michigan, for making accessible a generous supply of material 
and to the Detroit Institute of Cancer Research for the use of their facilities. 
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homogenate was prepared. In several experiments, nuclei were isolated 
by the procedure of Stern et al. (8) with some modification, in which the 
tissue was homogenized in a glass mortar with sand in 5 volumes of 0.14 
M NaCl containing 0.0009 m CaCl:. The presence of Ca++ was necessary 
in order to prevent clumping of the nuclei (9) and thus enable thorough 
removal of all cytoplasmic impurities after a few washings with the original 
NaCl-CaCl: medium. The final white sediment was resuspended in dis- 
tilled water and promptly used before the onset of gelation of the nucleo- 
protein. Unless otherwise indicated, the reaction mixture in the peptidase 
experiments consisted of the following components: 0.4 ml. of 0.02  so- 
dium diethyl barbiturate buffer, pH 7.8, 0.4 ml. of extract or subcellular 
fraction, and 0.2 ml. of 0.25 m substrate (or a corresponding multiple of 
the racemate to maintain the final molarity of the L isomer at 0.05). The 
tube contents were incubated at 38° with substrate being absent from con- 
trols. The conditions in the proteinase studies remained the same except 
for the use of 0.05 m citrate buffer, pH 4.0, and the change in substrate to 
0.1 per cent bovine hemoglobin solution. Peptidase and proteinase ac- 
tivities were determined according to the procedure of Grassmann and 
Heyde (10) and Kunitz (11) respectively. 


Results 


A variety of peptides susceptible to hydrolysis by aqueous extracts of 
beef thyroid tissue is shown in Table I. It is seen that pt-alanylglycine 
(AG) undergoes almost complete cleavage during the given incubation 
interval and that a pronounced inhibition occurs upon the addition of 
either Cd+*+, Cu**, or Zn++. Also, the activity toward AG as well as 
glycyl-pL-leucine (GL) and diglycylglycine (GGG) is sharply depressed, 
although to an unequal extent, in the presence of p-chloromercuribenzoic 
acid (CMB) and NaS, both of which are known to exert a diametrical 
effect on the sulfhydryl group. However, it may be that sulfide in the 
present instance acts in an alternative réle by tying up those metal ions 
necessary for enzymatic action. With the substrates glycyl-L-tyrosine 
(GT), pt-leucylglycine (LG), and pt-leucylglycylglycine (LGG), sulfide 
has little or no effect, whereas CMB retains its strong inhibitory influence. 
The required presence of specific amino acid residues in the substrates of 
proteolytic enzymes is apparent from a comparison of the activity exhibited 
toward t-leucyl-L-tyrosine and p-leucyl-L-tyrosine. It was observed that 
the hydrolysis of GL, GT, and glycyl-.-tryptophan (GTr) was thoroughly 
suppressed when the free amino group of these peptides was replaced by a 
chlorine atom to form the respective chloroacety] derivative. The splitting 
of glycylglycine (GG) is activated considerably by Co++ and to a lesser 
extent by Mn++, whose effect is negligible on the hydrolysis of GGG and 
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LGG. Of all the peptides examined none showed the specific Co++ require- 
ment noted for GG except GGG and LGG. Exhaustive dialysis of the 
crude extract against distilled water suggested that the activity exhibited 
toward GG is distinct from that of either GGG or LGG, as evidenced by the 


TaBLeE I 

Effect of Various Compounds on Proteolytic Activity of Aqueous Extract of Beef 
Thyroid 

0.1 ml. of the various compounds, 0.04 mM, was added as indicated to the reaction 


mixture, which contained 0.36 mg. of protein nitrogen. The incubation time is 60 
minutes. 





Per cent hydrolysis in presence of 














Substrate 
Neco | CasO.| CMB* | CuCh | EDTAS} Nas |. 22. 

pu-Alanylglycine........ oi 2 0 5 66 17 1 
Glycylglycinet........ 15 | 7 | 14 12 11 15 12 
Glycyl-u-leucine............. 83 | 15 43 88 
Glycyl-pt-leucine.... . eae 0 4 14 | 35 85 
Glycyl-pu-phenylalanine....... 57 9 47 15 | 55 46 
Glycyl-t-tryptophan....... .| 34 
Glycyl-u-tyrosine......... “aque 0 6 51 12 | 59 55 
L-Leucylglycine..............| 54 20 23 55 21 
pi-Leucylglycine........ sai 23 | 17 35 | 30 | 59 15 
p-Leucyl-L-tyrosine....... e 4 | 
t-Leucyl-L-tyrosine........... 51 | 
Diglycylglycinef..... bohes SOc ae 0 4 4 15 12 0 
L-Leucylglycylglycine......... 49 
pu-Leucylglycylglycinef....... 47 23 =| 10 19 31 46 28 
Hemoglobinf............. 1.32 0.20 | 1.12 0.72 




















* CMB refers to p-chloromercuribenzoate and EDTA to ethylenediaminetetra- 
acetic acid. 

+ In the presence of Cot* the hydrolysis of GG, GGG, and LGG was increased to 
63, 41, and 53 per cent, respectively, while Mn**, which had little or no effect on 
GGG or LGG, elevated the splitting of GG to 32 per cent. 

t The addition of ascorbic acid, cysteine, aqueous iodine solution, or iodoacetate 
gave the following values: 1.56, 1.64, 0.56, and 0.12 per cent; the proteinase ac- 
tivity is expressed in mg. of tyrosine liberated per hour per flask. 


increased splitting of the former in the absence of activator, while the 
cleavage of the latter remained essentially unchanged. Thus, the observed 
acceleration in hydrolysis of GGG and LGG in the presence of Cot is 
probably due to the concurrent action of the GG-splitting enzyme (12) on 
the GG fragment resulting from the initial scission of the tripeptides, as- 
suming in the case of LGG that the bond being split is the one nearest the 
terminal free amino group (13). Since several leucine aminopeptidases 
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occurring in animal tissues are known to be activated by either cysteine 
(14) or by Mgt* or Mn** (15, 16), the homospecificity of the enzymes 
involved in the hydrolysis of LG, LGG, and GGG by the present extracts 
could not be decided upon with certainty because of the lack of effect 
shown in the presence of these compounds. That a single enzyme acts 
upon LG and LGG, however, is indicated by their parallel rate of hydrolysis 
as well as from the similarity of their inhibition spectra. Although all 
attempts to obtain metal activation of the hydrolysis of the various pep- 
tides except GG were unsuccessful, it is noted that the addition of the 
sequestering agent, ethylenediaminetetraacetic acid, diminishes to a vary- 
ing extent the hydrolysis of each of the peptides examined, thus indicating 
the existence of a reversible equilibrium between the enzymes and their 
respective metals, with no clue, however, as to the identity of these metals. 
It appears that with the present tissue homogenization does not cause a 
dilution of the metal below its optimal concentration, probably as a result 
of the fact that the enzymes involved have their metals securely bound, 
thus preventing their release during the disruption of the cell. 

Other substrates examined and found to be resistant to hydrolysis were 
L-argininamide, benzoyl-L-argininamide (BA), and glutathione; BA when 
tested at pH 4.0 as well as at pH 7.8 remained unchanged even in the 
presence of the various metal and sulfhydryl activating. compounds em- 
ployed above. 

That the proteinase activity of the extract is augmented in the presence 
of ascorbic acid and cysteine and diminished with CMB, Cut*, aqueous 
iodine solution, iodoacetate, and sulfide is evident from Table I. Except 
for the finding with sulfide, which may act in a manner similar to that 
suggested for the peptidases, the results tend to indicate that the presence 
of intact sulfhydryl groups is necessary for activity, as has been found 
for other intracellular proteinases, the cathepsins (17-21). The addition 
of thyroxine as well as a variety of metals such as Cd++, Cot+, Fe++, Mg*, 
Mnt, Pbt*, and Zn** failed to exert any response on the proteinase 
activity. No hydrolysis was observed when bovine y-globulin was substi- 
tuted for hemoglobin in the present system. 

In a further effort to demonstrate activation of the peptidases in the 
given tissue by the addition of different metals which thus far appeared 
inert, the extract was exhaustively dialyzed against distilled water at 3° 
in a mechanical dialyzer. Of the peptides examined, a slight or no lowering 
in activity occurred toward AG, GL, and LG (0 to 5 per cent), whereas 
the greatest loss (15 to 20 per cent) was absorbed by GT. Although no 
reactivation or change in activity was observed upon the addition of either 
Mgt or Mn**, the previous inhibitory effect of Cd++, Cut+, and Znt** 
remained essentially undiminished. When another aliquot of the extract 
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was allowed to stand under similar conditions, as in dialysis, a parallel 
decrease in activity was found which did not yield to either sulfhydryl or 
metal activators and which was still susceptible to the inhibitory influence 
of the same metal ions used with the fresh extract. Contrary to the trend 
recorded for the peptidase activity during standing and dialysis, the pro- 
teinase activity was observed to increase (8 to 12 per cent) under each of 
these conditions, a process which possibly suggested the further dissociation 
of enzyme from larger protein complexes present in the original extract. 
However, here again as previously, the addition of those metal ions tested 
earlier with the untreated extract resulted in no stimulating effect on the 
activity. 

The hydrolysis of AG, GL, GT, LG, GGG, and LGG was determined at 
various pH values, from which it was noted that splitting was optimal 
within a plateau ranging from pH 7.2 to 8.4, beyond which limits the 
activity gradually declined. Although not all of the peptides were ex- 
amined across the varying pH scale, a pH of 7.8 was taken as the point 
of departure in all of the subsequent experiments. A similar analysis of 
the proteinase behavior showed that hydrolysis is greatest at pH 4.0 and 
minimal in the region where the peptidases are most active. 

Data on the hydrolysis of several peptides are presented in Table II, 
from which it may be seen that in each case the reaction follows zero order 
kinetics. Similar results were obtained with GT, LG, and GGG, in which 
the average proteolytic coefficients (C°) obtained at three different levels 
of protein nitrogen were 1.9, 2.0, and 0.5 respectively. The system upon 
which all of the determinations were made contained only buffer, substrate, 
and tissue extract. 

In a number of experiments the efiect toward the substrates, AG, GL, 
GT, LG, GGG, LGG, and hemoglobin was examined after heating the 
extract in a water bath for 5 minutes at the desired temperature and then 
allowing it to cool before use. At 50° no appreciable inactivation was 
demonstrable, but beyond this temperature the proteolytic activity steadily 
diminished. It was of interest to observe, however, that when the extract 
was heated above 65° the hydrolysis curve (plotting per cent hydrolysis 
against temperature) dipped below the temperature axis into a negative 
zone. This was taken as an indication of the suppression of acidic groups 
or the liberation of basic groups during the unfolding of the peptide chains 
of the proteins in the process of denaturation (22). 

It was found in the subcellular fractionation studies that the peptidase 
activity is associated exclusively with the submicroscopic particulate frac- 
tion (Table III). The complete system in all cases consisted only of buffer, 
substrate, and the enzyme source. Mn++ was added in a few instances to 
the nuclear and mitochondrial fractions with AG as substrate, but no ac- 
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tivity was observed. It is of interest that the proteolytic coefficients of 
the submicroscopic particulate fraction increase with all of the substrates, 
probably as the result of removal of inactive nitrogen-containing compo- 
nents during the separation of the fractions and in part, perhaps, to the 
removal of inhibitors. Maver and Greco (23) found the specific activity 
toward leucinamide at pH 9.4 to increase in supernatant fractions (this 
fraction, except for the removal of the microsomes, which were observed to 
possess little activity, corresponds to the submicroscopic particulate frac- 


TaBe II 
Kinetics of Hydrolysis of Several Peptides by Beef Thyroid Extract 





| Per cent hydrolysis after* 





| Protein N a 
Substrate th , ai we Kt C% 
| 45 min. | 90 min. min. min. | 
| | Biel a 
mg. | | 
pu-Alanylglycine 0.06 | 5.9] 11.2 | 18.0 | 23.0 0.58 9.7 
0.12 | 11.5 | 22.5 | 33.6 | 44.0 1.12 9.4 
| 0.18 | 18.0 | 35.4 | 52.0 | 1.78 | 9.9 
Glycyl-pt-leucine | 0.06 2.8} 5.4] 8.4] 11.0} 0.28 4.7 
0.12 5.8 | 11.2 | 17.4 | 22.8 | 0.57 4.7 
| 0.18 | 8.4 | 17.4 | 25.6 | 0.85 4.7 
pL-Leucylglycylglycine 0.08 | 7.8 | 15.0 | 22.8 | 29.6 | 0.17 2.1 
| 0.16 | 16.2 | 33.0 | 44.5 0.35 2.2 
| 0.24 | 24.4 | 45.5 | 70.5 0.52 2.2 














* The interval between readings was 10 minutes for the substrates AG and GL. 

¢ Each zero order reaction constant is an average of the K® values calculated at 
successive time intervals for a given nitrogen concentration and thus indicates the 
average per cent hydrolysis per minute. 

t These values for the proteolytic coefficient represent the average K® per mg. of 
protein nitrogen in the reaction mixture. 


tion used here) prepared from rat liver, spleen, kidney, and primary hepa- 
toma. Recombination of their nuclear and supernatant fractions caused 
an inhibition of the leucine aminopeptidase activity which was roughly 
proportional to the amount of nuclear material present. The proteinase 
activity, on the other hand, does not partition itself into a single fraction, 
but is spread throughout, concentrating predominantly in the nuclei and 
mitochondria. It is to be mentioned that proteolytic activity has been 
found in liver cell nuclei by Dounce (24) and that studies by Maver et al. 
(25) on the intracellular distribution of cathepsins in normal and neoplastic 
tissues showed that the highest specific activity resided in the mitochon- 
dria. In the present experiments appropriate dilutions were made before 
using each fraction in order that the protein nitrogen would be approxi- 
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mately the same in all tubes, assuring in this manner that the enzyme con- 
centration was as nearly as possible the limiting factor throughout the 
observed time interval. 

Procedure for Partial Purification of Peptidase Activity—Since little in- 
formation was gained concerning the activation behavior of the peptidases 
present in crude extracts, it was considered necessary to purify the re- 
spective enzymatic activities. During the initial stages of the isolation 
ammonium sulfate and ethanol were successively tried as precipitants, but, 
because they did not yield with the present tissue the sharp fractions 


Tasi1e III 
Subcellular Localization of Peptidase and Proteinase Activities 


The incubation time in the peptidase and proteinase experiments was 90 and 180 
minutes respectively. 





Enzyme source 





Substrate <j 
Whole extract Nuclei Mitochondria | ea” 
cw Cc ce ce 
pi-Alanylglycine.............. 34.4 0 0 35.8 
Glycyl-pi-leucine.............. 11.2 0 0 19.4 
Glycyl-u-tyrosine. ... 5.2 0 0 12.1 
pu-Leucylglycine.............. 6.3 0 0 14.3 
Diglycylglycine............... 3.6 0 0 8.4 
pu-Leucylgly ved cine. 6.0 0 0 13.9 
Hemoglobinf. . Bue 4.4 14.0 15.0 5.5 











* Proteolytic coefficient, per cent hydrolysis per minute per mg. of protein nitro- 
gen. 


+ The proteinase values are in mg. of tyrosine liberated during the incubation 
interval per mg. of protein nitrogen. 


obtained with acetone, an agent previously employed for the separation 
of peptidases from other tissues (26), they were abandoned in favor of the 
latter. Fresh thyroid glands (150 gm.) from exsanguinated steers were 
freed of their envelope of fat and connective tissue and homogenized in a 
Waring blendor for 4 minutes in 3 volumes of cold 0.5 per cent NaCl. The 
resulting solution after being filtered through cheese-cloth was adjusted to 
pH 5.5 (glass electrode) by the slow addition of 0.1 N acetic acid (40 ml.). 
With the aid of mechanical stirring cold acetone (288 ml.) was added to 
the acidified solution (576 ml.) until the acetone concentration was 33 per 
cent. After being set aside for 2 hours in the cold, the solution was cen- 
trifuged and the precipitate, containing no peptidase activity, discarded. 
To the amber supernatant liquid (445 ml.) was added with stirring another 
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portion of cold acetone (89 ml.) equivalent to 20 per cent of the total vol- 
ume of liquid recovered from the initial precipitation, and after standing 
in the cold for 1 hour the precipitate which formed was removed by cen- 
trifugation, while the supernatant liquid possessing no peptidase activity 
was rejected. The moist precipitate was either stored as such in the cold, 
until ready for use, with full retention of activity for several weeks or dried 
by successive washings with acetone and ether. The yield of dry material 
rarely exceeded 40 mg. Upon assay sufficient material to give approxi- 
mately a 0.2 per cent solution was suspended in distilled water and cen- 
trifuged; the final supernatant liquid obtained (if turbid, it was clarified 
further by filtering through filter paper) was used as the purified enzyme 
preparation referred to in the subsequent experiments. 

The hydrolysis of several peptides by the purified preparation is pre- 
sented in Table IV. It is evident that with the process of purification 
the behavior of metal activation toward LG parallels that for LGG, a situ- 
ation which is also exemplified by the pair glycyl-pt-phenylalanine (GP) 
and GT. The hydrolysis of GG, although feeble, is consistently stimu- 
lated to a slightly greater extent by Mn*+ than by Co**. Partial reac- 
tivation produced by the addition of Cut+ is clearly seen in the cleavage 
of GP and GT. While the stimulation produced by Mg** in all instances 
is surpassed by Mn** it is of particular interest that the potent inhibitory 
effect of Cd** previously obtained with the crude preparation is now re- 
versed, as indicated by the increased splitting that occurs in its presence 
of the substrates AG, GL, LG, and LGG. Although the reason is unknown 
for the masking of the effect of Cd*+* by the crude extract, it is clear from 
the absence or reduction in peptidase activity of the purified preparation 
when no metal is added that either the pH or acetone treatment, or both, 
during purification increases the tendency of the bound metal to be sepa- 
rated from its protein. A comparison of the C° values of both the crude 
and purified preparations indicates that the activity toward LG and LGG 
has been increased approximately 10-fold, while all of the other activities 
had increases in the range of 5-fold and GG approached disappearance. 
During the purification of the peptidases, the proteinase activity was ob- 
served to be distributed throughout all fractions and examination of the 
purified preparation still disclosed the presence of appreciable proteinase 
activity whose behavior remained the same toward Cut*, cysteine, Fe**, 
aqueous iodine solution, and iodoacetate. 

Although it is well known that various ions will compete with those 
necessary for enzymatic activity, the question arose as to whether any 
inhibition would result if the purified enzyme preparation were incubated 
in the simultaneous presence of its own metal activator along with another 
given metal ion. The results from a number of such experiments showed 
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conclusively that in the presence of Mn++ the ions of copper and zine as 
well as CMB exert a significant inhibitory effect, but each to a different 
extent, on the hydrolysis of AG, GL, GT, LG, GGG, and LGG. It was 
observed in a single instance that the inhibition was considerably reduced 
when Zn** and AG were added to the reaction mixture after the enzyme 
preparation had been previously incubated with Mn++ for 1 hour. 


TaBie IV 
Effect of Various Substances on Peptidase Activity of Purified Beef Thyroid 
Preparation 


The reaction mixture contained 0.08 mg. of protein nitrogen; the incubation time 
is 60 minutes. 





























Per cent hydrolysis in presence of 
Substrate No fe | C%,* C%. 

com- | CdSO«} Co(NOs)2 | MgCl: | MnCle 

pound 
pL-Alanylglycine.............. 0 25 8 29 74 2.8 15.5 
Glycylglycine................] 0 0 2 0 4 2.1 0.8 
Glycyl-pu-leucine............) 5 12 6 18 42 2.4 8.7 
Glycyl-pu-phenylalaninet.....) 0 0 7 23 1.1 4.8 
Glycyl-L-tryptophan.........) 9 25 1.2 5.1 
Glycyl-L-tyrosinef............] 0 0 0 12 34 1.7 7.0 
pt-Leucylglycine.............. 23 49 23 50 71 1.5 14.8 
Diglycylglycine Pate SO 0 2 5 9 | 0.4 1.9 
pL-Leucylglycylglycine........ 28 47 23 | 49 74 | 1.5 | 15.5 





* Co, and C%,. refer to the proteolytic coefficients obtained with the crude and 
purified preparations respectively. In addition, the C®,. values were obtained in 
the absence of activator, while those for C%. were determined in the presence of 
Mn‘**, 

+ The hydrolysis of GP and GT was increased to 7 and 11 per cent, respectively, 
upon addition of Cu** to the reaction mixture. 


DISCUSSION 


Since the present studies reveal that a proteinase occurs in the thyroid 
cell, it is likely that this enzyme is identical with and probably gives rise 
to the one found in the colloid, for no other proteinase activity could be 
demonstrated at different pH values or by means of various activators. 
However, in view of the optimal pH of this proteinase, it still remains to 
reconcile its proposed réle within the follicular colloid where the pH has 
been determined by the microinjection of indicators to be 6.6 + 0.2 (2). 
It may be of interest that in several experiments Proloid, a partially puri- 
fied but denatured preparation of thyroglobulin, was incubated as substrate 
in the system in place of hemoglobin and in no case was any activity ob- 
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served, as would be expected from the liberation of thyroxine. Moreover, 
the possibility exists that the variations in the level of hormone released 
into the peripheral circulation, reported for certain pathological] conditions 
of the gland (4), may not necessarily be a specific result of parallel changes 
found also in the proteinase activity, but might be a reflection of the 
over-all cellular rate of protein metabolism. An analysis of the peptidase 
activity under similar conditions of disease might serve to clarify this prob- 
lem further. 


SUMMARY 


A number of di- and tripeptides were hydrolyzed by peptidases present 
in aqueous extracts of beef thyroid tissue. In most instances with the 
crude extract, Cd+*, p-chloromercuribenzoate, Cut++, ethylenediaminetet- 
raacetic acid, sulfide, and Zn*+*+ exerted an inhibitory effect on the rate of 
hydrolysis of the various peptides, whereas the presence of Mg++ or Mn++ 
had little or no effect. Cot*+, and to a lesser extent Mn*+, stimulated the 
splitting of glycylglycine. Exhaustive dialysis of the crude extract failed 
to show any activation with all of the substrates upon the subsequent 
addition of either Mg** or Mn**. The proteinase present required intact 
sulfhydryl groups for activity, since it was inhibited by such reagents as 
p-chloromercuribenzoate, Cu*+, and iodoacetate and stimulated by the 
reducing agents ascorbic acid and cysteine. Optimal splitting of the pep- 
tides occurs in the range pH 7.2 to 8.4, whereas the proteinase activity is 
maximal at pH 4.0 and inactive in the physiological region. The kinetics 
of hydrolysis of several peptides were observed to be of zero order. Studies 
on the intracellular distribution of the proteolytic activity disclosed that 
the peptidases occur exclusively in the submicroscopic particulate fraction 
and that the proteinase partitions itself among all the fractions, the highest 
activity appearing in the nuclei and mitochondria. A procedure for the 
partial purification of the peptidase activity is described, along with the 
metal activation characteristics of the purified metal. 
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ISOLATION OF THE ALDOBIONIC ACID OF UMBILICAL CORD 
HYALURONIC ACID* 
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(From the Department of Medicine, College of Physicians and Surgeons, Columbia 
University, and the Edward Daniels Faulkner Arthritis Clinic, 
Presbyterian Hospital, New York, New York) 


(Received for publication, June 1, 1953) 


In a preliminary note there was outlined the isolation of a crystalline 
glucuronido-glucosamine disaccharide, designated hyalobiuronic acid, from 
umbilical cord hyaluronate by combined enzymatic and partial mineral 
acid hydrolysis (1). In subsequent articles the use of this compound as a 
basis for structural work on the polysaccharide and as a reference point 
for interpretation of enzymatic data will be described. Here, it is desired 
to amplify the earlier account of the isolation and characterization of the 
disaccharide, to offer evidence of its homogeneity, and to describe briefly 
its production by other methods. 


EXPERIMENTAL 


Analytical Methods—Unless otherwise mentioned, uronic acid was de- 
termined by a gasometric method, and reducing sugar by a minor modifica- 
tion of the Hagedorn-Jensen ferricyanide method. These, as well as the 
colorimetric method for hexosamine, the titrimetric procedure for ethereal 
sulfate, and the direct Elson-Morgan color reaction, are referred to in an 
earlier report (2). Free acetic acid was determined by a simplified Kuhn 
and Roth distillation method without prior hydrolysis. 

Preparation of Sodium Hyaluronate—This material was prepared from 
human umbilical cord by the method of Hadidian and Pirie as modified by 
Jeanloz and Forchielli (3). To secure preparations of high hexosamine and 
uronic acid content from which extraneous nitrogen was absent, additional 
purification of the product was usually required. This consisted of diges- 
tion in acetate buffer with a commercial amylase (Polydase, Schwarz Lab- 
oratories), followed by treatment with Lloyd’s reagent, centrifugation, and 
alcohol precipitation. Centrifugation at 15,000 r.p.m. of a solution in 
water and reprecipitation completed the preparation. As judged by cri- 
teria described in an earlier paper (2), the least pure preparation used gave 

* This work was supported by grants from the Helen Hay Whitney Foundation 
and the United States Public Health Service. 


+ Present address, Division of Laboratories and Research, New York State De- 
partment of Health, Sloan-Kettering Institute for Cancer Research, New York. 


205 





206 DISACCHARIDE FROM HYALURONIC ACID 


the following analysis: N (Kjeldahl) 3.09, hexosamine 38.1, uronic acid 
41.6, sulfate 0.8 per cent. 

Enzymatic Hydrolysis—In a typical experiment, 9.6 gm. of sodium hy- 
aluronate (analysis above) were incubated at 37° under toluene for 24 
hours with 240 mg. of purified testicular hyaluronidase (1500 turbidity 
reducing units per mg.) in 480 ml. of 0.1 m acetate buffer, pH 5, 0.15 m in 
sodium chloride, containing 0.1 per cent gelatin (Knox, for intravenous in- 
jection). At the end of this time, the reducing value was 0.31 mg. of glu- 
cose equivalent per mg. of substrate. The digest, filtered and diluted to 
670 ml., was treated with 1340 ml. of absolute ethanol and centrifuged. 
The supernatant solution, concentrated nearly to dryness in vacuo, diluted 
with water to 125 ml., treated with 500 ml. of absolute ethanol, and placed 
in the refrigerator overnight, gave a syrupy precipitate. This was washed 
with a little 80 per cent ethanol, hardened with absolute ethanol, washed 
with ethanol and ether, and dried over calcium chloride. The resulting 
amorphous white solid (Fraction A), 9.4 gm., contained 41 per cent uronic 
acid, 38 per cent hexosamine, 2.8 per cent N, 3 per cent sodium chloride, 
2 per cent sodium acetate, and had a reducing value of 0.29 mg. of glucose 
equivalent per mg. For recovery of carbohydrate in the supernatant 
fluid and washings, these were freed of ethanol by vacuum distillation and 
added to a carbon column prepared from 20 gm. of Darco G-60 and 10 
gm. of Celite No. 535. The column was washed free of chloride ion with 
water (600 ml.); the sugar was eluted (2) with 5 per cent aqueous pyridine 
(500 ml.) and collected by concentration in vacuo and lyophilization; yield 
0.5 gm. of material (Fraction B) containing 50 per cent uronic acid. The 
total recovery of uronic acid was essentially quantitative. 

Time Studies—Increase in reducing value on acid hydrolysis of enzymatic 
digests was followed to establish optimal conditions for isolation of an 
aldobionic acid. With 0.5 m H2SQ, at 99° and a carbohydrate concentra- 
tion of 50 mg. per ml., a number of digest alcohol fractions with initial re- 
ducing values ranging from 0.20 to 0.42 mg. of glucose equivalent per mg. 
(i.e., differing in average molecular weight) gave rapid increase in 1 hour 
to reducing values of 0.4 to 0.5, with little further increase over a 2 hour 
period. The disaccharide described here was obtained in crystalline state; 
in contradistinction to the polysaccharide, it had no N-acetyl group. The 
acetic acid liberated during hydrolysis was therefore estimated. Repre- 
sentative hydrolysis data are presented in Table I. 

Production of Hyalobiuronic Acid from Enzymatic Digests—Hyaluron- 
idase digest (pooled Fractions A and B above) from 9.6 gm. of hyaluronate 
of 41.6 per cent uronic acid content was dissolved in 200 ml. of 0.5 m sul- 
furic acid and heated for 2 hours at 99°, then rapidly cooled. The yellow 
solution was neutralized to pH 5.0 with saturated barium hydroxide solu- 
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tion, added slowly with stirring. After removal of barium sulfate, the 
solution was concentrated in vacuo to 30 ml. The solid which separated 
overnight, 2.03 gm., consisted of whetstone-shaped crystals. The filtrate 
and washings, adjusted to 200 ml. volume and 0.5 M sulfuric acid concen- 
tration, were hydrolyzed further for 1 hour at 99°, sulfuric acid was re- 
moved as before, etc., and 1.36 gm. of similar material were obtained. 
Two additional 1 hour hydrolysis periods gave 0.56 and 0.47 gm. (on long 
standing) of crystals. The final 1 hour hydrolysis period yielded only 
0.02 gm. of grayish material, which was discarded. The other crops were 
combined (Preparation I), totaling 4.4 gm. The yield, based on a uronic 
acid content of 50.5 per cent was 61 per cent. 


TABLE I 


Reducing Sugar and Acetic Acid Liberation during Acid Hydrolysis 
of Enzymatic Digest 





| 
| 





] | ’ 

Acid used | Temperature | Time | Reducing value | oy woo ed 
—_— | } | 

io we tee, me sires | per cont 

Original digest.................| | 0 | 0.35 
a eee 99 1 0.50 35 
0.5 * Peeks Sly Ginga nomad ake 99 3 0.50 65 
IM H.C.0, er ee ee ere 99 4 0.50 | 50 
8 Se ee ere 25 9 0.42 
ee PR ni airighs Binet aieleihs Moe 25 46 0.49 | 8 
Be a werent seeds One ieee 25 71 0.52 | 





An earlier similar preparation, which consisted of long rectangular 
prisms, was purified for analysis by dissolving in a slight excess of 0.2 N 
hydrochloric acid and neutralizing with sodium carbonate. It slowly 
crystallized as long prisms (Preparation IT; Fig. 1). 


CyH20uN.! Calculated. C 40.56, H 5.96, N 3.94 
Found. ** 40.01, ‘* 6.02, ‘* 3.99, NHe-N 3.94 (Van Slyke) 


The compound decomposed without melting when heated, darkening 
from about 200°. It was insoluble in glacial acetic acid, ethanol, methanol, 
and pyridine, almost insoluble in cold water, and sparingly soluble in hot 
water, dilute hydrochloric acid, and sodium bicarbonate solution. The 
optical rotation of Preparation II in dilute hydrochloric acid varied mark- 
edly with pH. 


1 Elementary analyses were performed by A. Elek, Los Angeles. We are indebted 
to Mr. Donald Kirschenbaum for the Van Slyke determination. 
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lal,’ +30.5° (ec 2.00, 0.10 m HCl) 
lal’ +22.5° (** 2.00, 1.00“ “ ) 

Preparation II moved as a single spot with Ry 0.13 (acetylglucosamine, 
Ry 0.43; glucosamine hydrochloride, Ry 0.29) on an ascending paper 
chromatogram developed with butanol-acetic acid-water (38:12:50) and 
sprayed with aniline trichloroacetate or acetylacetone and p-dimethyl- 
aminobenzaldehyde. With the latter reagents the color of the spot was 
identical with that for glucosamine. The crude material (Preparation I) 
contained traces of higher molecular weight (lower Ry) material and of 
glucosamine, but no ash. Its optical rotation was slightly low, [aj?? + 19.5° 





Fig. 1. Crystals of hyalobiuronie acid (Preparation II, 330 x) 


(c 2,1 mM HCl). Its x-ray diffraction pattern (see below) showed no differ- 
ences from that of the analytical sample (Preparation IT). 

The compound was obtained under various conditions in a number of 
different crystal habits. In addition to the whetstones and long prisms 
mentioned, hexagonal plates and octahedra were at times observed. The 
x-ray diffraction patterns of the first three forms were found to be identical, 
however. The octahedra were not examined. 

a-Ray Diffraction Pattern—Powder patterns of Preparation II and a 
number of other preparations were obtained by use of an iron target and 
a magnesium filter 0.02 mm. thick. All patterns were identical and had 
the following lines expressed as sine 6, designated s. (strong) and m. (me- 
dium): 0.887 s., 0.879 m., 0.818 m., 0.771 m., 0.754 s., 0.727 m., 0.688 m., 
0.633 m., 0.619 m., 0.588 s., 0.574 m., 0.511 s., 0.498 m., 0.481 m., 0.466 
m., 0.453 m., 0.438 m., 0.394 m., 0.379 m., 0.305 m., 0.288 m. 

Chemical Properties of Hyalobiuronic Acid—The compound contained 
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49.0 per cent hexosamine; it showed 54.3 per cent uronic acid by gaso- 
metric determination and 54.6 per cent by the Dische carbazole reaction 
(4). Calculated values for a uronic acid-hexosamine disaccharide are 50.5 
per cent” hexosamine and 55.2 per cent uronic acid. The reducing value 
was 0.68 mg. of glucose equivalent per mg. (ferricyanide), 0.61 by a hypoi- 
odite method (5). This reducing power corresponded roughly to that of 
a reducing disaccharide, as did the mobility on paper. In the direct Elson- 
Morgan color reaction, without prior hydrolysis (2), the substance gave a 
positive test, indicating that the free reducing group belonged to the glucos- 
amine moiety of the disaccharide. The color yield was 29 per cent of that 
given by an equal weight of glucosamine. Potentiometric titration gave 
a curve with two buffering zones corresponding to pK,’ 2.6 and pK,’ 7.1. 
This evidence, taken in conjunction with the Van Slyke nitrogen value, 
showed the presence of both a free amino group and a free carboxyl group. 
Since hyaluronic acid was known to contain only acetyl glucosamine and 
glucuronic acid (6), it followed from the above that the substance isolated 
was a glucuronido-glucosamine. 

Production of Disaccharide by Other Routes—Undegraded hyaluronic acid, 
0.51 gm., heated 3 hours at 99° in 10 ml. of 0.5 m sulfuric acid, gave 
0.15 gm. (37 per cent) of crude hyalobiuronic acid; the filtrate was not re- 
cycled. The reprecipitated material (0.12 gm., long prisms, Preparation 
II) had an optical rotation and x-ray diffraction pattern indistinguishable 
from those of Preparation I. 

Hydrolysis (0.5 m H.SO,, 99°, 3 hours) of crystalline pure heptaacetyl- 
hyalobiuronic acid methyl ester, produced in 65 per cent yield from the 
original disaccharide by esterification and acetylation (7), also gave a speci- 
men (Preparation IV) with the same optical rotation and x-ray powder 
pattern as for Preparation II. 


DISCUSSION 


In the foregoing there has been described the production of the repeating 
aldobionic acid, a glucuronido-glucosamine, from umbilical cord hyaluronic 
acid by combined enzymatic and mineral acid hydrolysis; production in 
somewhat poorer yield by direct mineral acid hydrolysis of the polysac- 
charide; and finally, regeneration of the basic disaccharide by mineral acid 
hydrolysis of a well characterized (7) heptaacetyl methyl ester. The 
identity of the rotations and x-ray powder patterns of these preparations, 
their behavior on paper chromatography, and concordant analytical values 
point to the presence of a single component.? 


? Results of a solubility study were earlier interpreted (1) as indicating possible 
gross heterogeneity of Preparation II, a view which is inconsistent with the weight 
of evidence now accumulated against it. The solubility results may be attributed 
to failure to establish equilibrium conditions. 
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This disaccharide in the form of its N-acetyl derivative has been identi- | 
the c 
involving umbilical cord hyaluronic acid. These findings, description of | 


fied as a product of a number of purely enzymatic degradative reactions 


which must be reserved for future papers, rule out the possibility that the 
aldobionic acid is a reversion product of acid hydrolysis. Similarly, the 
isolation of this same material after acid hydrolysis alone precludes the 
possibility that it is an artifact of the enzymatic reactions, and shows that 
it is contained preformed in the polysaccharide. 

The comparatively good yield of aldobionic acid (61 per cent, crude) ob- 
tainable from hyaluronic acid is of interest in several connections. First 
and most important, the alternating structure of the polysaccharide al- 
ready indicated by enzymatic experiments (2, 6) receives strong confirma- 
tion. Second is the suggestion that there is included within hyalobiuronic 
acid the predominating if not sole uronidic linkage contained in hyaluronic 
acid. Finally, this compound affords an entrance point for structural work 
on the polysaccharide and its enzymatic degradation products. 


Consideration of the course taken by the hydrolysis is of interest. The | 


two types of glycosidic linkage present in the alternating structure of 
hyaluronic acid are a uronidic type and a hexosaminidic type. The well 
known resistance of uronidic linkages to acid hydrolysis permits the recov- 
ery of aldobionic acids from the acid hydrolysis of a number of bacterial 
polysaccharides, plant gums, and hemicelluloses (8). Less information is 
available about hexosaminidic linkages. Moggridge and Neuberger have 
shown that methyl glucosaminide is extremely resistant to acid hydrolysis, 
whereas the corresponding N-acetyl derivative resembles ordinary glyco- 
sides in its hydrolytic behavior (9). These data suggest that it is the slow 
rate of deacetylation of the acetylglucosamine moiety which permits pref- 
erential cleavage of glucosaminidic linkages in hyaluronic acid to yield an 
aldobionic acid. The improvement in yield obtained when part of the 
hydrolysis is effected with testicular hyaluronidase can be attributed to 
the selective splitting by this enzyme (2) of a substantial proportion of the 
glucosaminidic bonds in the polymer. 

The formulation of the disaccharide as a glucuronido-glucosamine, in 
this paper based on preliminary evidence, is supported by more definitive 
structural studies, which assign it the structure 3-8-p-glucuronopyranosy]- 
p-glucosamine; a preliminary report of this work has appeared (7). 


SUMMARY 


The repeating disaccharide of umbilical cord hyaluronic acid has been 
isolated in good yield by digestion of the polysaccharide with testicular 
hyaluronidase, combined with acid hydrolysis of the resulting digest. It 
has also been obtained by direct acid hydrolysis of the polysaccharide. 





This 


W 
- who 
Dori 





SD oe wb 
nd 
Lm 


~ 
oy 








WEISSMANN, RAPPORT, LINKER, AND MEYER 211 


enti- | This crystalline aldobionic acid, designated hyalobiuronic acid, exhibits 
tions | the composition and reactions of a glucuronido-glucosamine. 

ym of 

t the We are greatly indebted to Dr. Seymour Lewin of New York University 
, the | who performed the x-ray diffraction studies. We wish to thank Miss 
; the | Doris Anne Hall and Miss Jean McLean for skilful analytical assistance. 
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THE UTILIZATION OF SULFATE SULFUR BY THE LAYING HEN 
AND ITS INCORPORATION INTO CYSTINE* 


By L. J. MACHLIN, P. B. PEARSON, C. A. DENTON, anno H. R. BIRD 


(From the Bureau of Animal Industry, United States Department of Agriculture, 
Beltsville, Maryland) 


(Received for publication, June 11, 1953) 


Synthesis of cystine and methionine from orally administered inorganic 
sulfate has been demonstrated in the ruminant by Block et al. (1, 2). 
Tarver and Schmidt (3) reported that the rat was unable to utilize sulfate 
for the synthesis of cystine. Bostrém and Aqvist (4) have confirmed this 
report. Inorganic sulfate has been shown to be esterified and fixed in 
tissues of young chickens and chick embryos in vitro (5) and in vivo (6), 
but it has not been demonstrated that the sulfur was converted to cystine 
or methionine. No information is available to indicate that sulfate is 
utilized by the hen. The objective of the work reported here was to deter- 
mine whether the hen uses the sulfate ion in egg formation and whether 
sulfate sulfur can be utilized in the synthesis of cystine or methionine. It 
was found that radioactive sulfate was deposited in the egg in both a free 
and non-dialyzable form and that some of the sulfate was converted to 
cystine. 


EXPERIMENTAL 


Determination of Total Sulfur and S**—Total sulfur was determined by 
a modification of the magnesium nitrate procedure of the Association of 
Official Agricultural Chemists (7). Roderick (8) suggested that a 50 per 
cent solution of magnesium nitrate was satisfactory for the oxidation of 
whole eggs. To obtain complete oxidation of methionine it was necessary 
to modify the procedure by adding to the ashing mixture 5 ml. of a 50 per 
cent solution of copper nitrate per 100 ml. of magnesium nitrate solution. 
At least 12 ml. of the ashing mixture were used for each gm. of dry weight 
in the sample. This oxidation procedure proved to be complete and con- 
venient. The porcelain casseroles used were easily decontaminated. The 
ash was dissolved and the barium sulfate precipitated by the standard 
procedure (7). The barium sulfate was then collected on a fritted glass 
Gooch crucible and washed thoroughly with hot water and finally with 


* This project was supported in part by the United States Atomic Energy Com- 
mission. A preliminary report was presented at the Sixteenth annual meeting of 
the American Institute of Nutrition, New York, April, 1952. Part of a thesis sub- 
mitted by L. J. Machlin to Georgetown University, Washington, D. C., in partial 
fulfilment of the requirements for the degree of Doctor of Philosophy, 1953. 


213 





214 INCORPORATION OF SULFUR INTO CYSTINE 


95 per cent alcohol. The crucibles were dried at 110° and sulfur was de- 
termined from the weight of barium sulfate obtained. 

The BaSQ, was spread on thin aluminum disks (9) and radioactivity de- 
termined with a thin window (1.9 mg. per sq. cm.) Geiger-Miiller counter, 
Corrections for background and decay were made on all samples. An 
“infinitely thick” layer was counted whenever possible. Otherwise all 


samples were run in duplicate and appropriate self-absorption corrections 
made. 


TaBLe I 
S*5 Recovered from Eggs after Administration of Radioactive Sulfate 





Recovery of dose* administered 





| 
| 
| 
| 








i Oral Intramuscular 
Albumen Yolk | Albumen | Yolk 
‘ per cent oo cent | oar cont = per cent ; 
1 t | | 
2 0.022 None 0.031 | None 
3 0.607 0.211 0.763 | 0.230 
4 
5 0.263 0.112 0.352 | 0.266 
6 0.109 0.253 0.140 0.284 
7 0.071 0.209 0.073 | 0.218 
8 | 0.058 | 0.151 
9 0.054 0.159 | 
10 0.040 0.077 
Total......... 1.166 1.021 1.417 | 1.149 





* 2.7 X 10° c.p.m. as carrier-free H.S*5O,. 
t No egg laid. 


Excretion of S** and Its Uptake in Eggs—Rhode Island red hens in good 
laying condition were fed a diet considered adequate for high egg produc- 
tion. It consisted primarily of corn, soy bean meal, and fish meal with 
mineral and vitamin supplements. Carrier-free S**, in the form of H.S*Q,, 
was given by capsule to one hen and intramuscularly to two hens in a single 
dose. Each hen received a dose that yielded 2.7 K 10°c.p.m. Eggs were 
collected for 10 consecutive days. The albumen was carefully separated 
from the yolk of each egg and the yolk washed with distilled water. The 
entire albumen and washings were mixed with the magnesium nitrate and 
copper nitrate solutions, and total sulfur and S*° were determined. Each 
yolk was coagulated by heating at 110°, and a 5 gm. portion was used for 
total sulfur and S* determinations. The results are given in Table I. 
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Radioactivity was determined on the combined excreta for three 24 hour 
periods after the S** administration. The results are presented in Table IT. 

Distribution of S*° Activity in Egg—Three hens were given intramuscular 
injections of carrier-free radioactive sulfate (2.1 X 10° ¢.p.m.) daily for 8 
days. Radioactivity in the eggs laid by one hen was determined. Uptake 
in both albumen and yolk increased progressively for the 8 days the eggs 
were collected. In the egg laid on the 8th day, 2.65 per cent of the daily 
dose was recovered in the albumen and 1.16 per cent in the yolk. The 
eggs from the other two hens were used in the study of the distribution of 
S* activity. 

The dialyzable sulfate and non-sulfate and the non-dialyzable sulfate 
and non-sulfate of the albumen and yolks were assayed for S* activity. 
The albumen and yolks were dialyzed separately in cellophane bags against 


Taste II 
S*5 Excreted by Hens Receiving Radioactive Sulfate 





Recovery of dose* administered 
Days after administration 





Oral Intramuscular 
per ennt per cent 
1 57.6 55.7 
2 12.3 14.8 
3 4.0 4.7 





* 2.7 X 10® c.p.m. as carrier-free H.S*O, in a single dose. 


400 ml. of distilled water for 5 days. The water was changed daily. So- 
dium sulfate (0.6 mm) was added to an aliquot of each dialysate, and the 
sulfate precipitated by the addition of barium chloride to the acidified 
solution. The radioactivity of the barium sulfate was then determined. 
The non-dialyzable portions of the albumen and yolks were hydrolyzed 
with 20 per cent hydrochloric acid for 20 hours. The hydrolysates were 
decolorized with iron-free Norit A and the humin was filtered and washed 
with hot water. Most of the acid was removed and each sample made to 
a volume of 50 ml. Sulfate sulfur and total sulfur were then determined 
on aliquots of this solution. The difference between sulfate activity and 
total sulfur activity was considered “organic” sulfur. The results are 
given in Table IIT. 8S** activity was found as both “organic” sulfur and 
non-dialyzable sulfate in the albumen. 

Mucin proteins have not been found in the egg yolk, but McNally (10) 
has demonstrated the presence of a mucin firmly bound to the yolk mem- 
brane. Apparently 80 per cent of the non-dialyzable sulfate in the yolk 
was attached to the yolk membrane. 
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Radioactivity in Egg Cystine—The presence of radioactive ‘‘organic’’ sul- 
fur in both albumen and yolk (Table III) indicated that some of the sulfate 
might have been converted to cystine or methionine or both. Therefore, 
cystine was isolated from albumen and yolk in order to determine whether 
it was radioactive. The procedure used was based on the method of 
Zittle and O’Dell (11). 

1 ml. of glacial acetic acid was added to a 20 ml. aliquot of hydrolysates 
of dialyzed albumen and yolks. 1 mm of sodium sulfate was added as a 
diluent of the radioactive sulfate present in the hydrolysates. The pH was 
adjusted to 3.5 and cuprous oxide added in excess to the hot, rapidly stirred 
solution. After cooling, the pH was adjusted to 4.0 and the solutions 


TaBLe III 
' Distribution of S** in Eggs of Hens Receiving Radioactive Sulfate* 





Counts recoveredt 





| Albumen | Yolk Albumen Yolk 
| 
Dialyzable sulfate S........... 8.8 | 65.6 8.3 63.6 
- “organic’’S........ 9.1 | 0 6.1 0 

Non-dialyzable sulfate S...... .| 38.9 16.5 36.2 13.5 
a ‘organic’ §.... 43.2 17.9 49.4 22.9 
Tete, @..:.5......... .....| 100.0 100.0 100.0 100.0 
= SEMI AE orisderprewreos o-areriite 39, 200 11,100 33 , 200 13, 200 





*2.1 X 10° c.p.m. of carrier-free H.S*5O, injected intramuscularly daily. The 
eggs used were laid on the 6th day. 
¢ Per cent of total activity in the egg. 


were allowed to stand for 50 minutes and then centrifuged and the super- 
natant fluids were discarded. The cuprous cysteine mercaptides were 
washed once with 1 m acetate buffer at pH 4.0. They were then dissolved 
in 2 ml. of hot concentrated hydrochloric acid and diluted to about 50 ml. 
The entire process of addition of diluent sulfate, precipitation, washing, 
resolution, and reprecipitation was repeated three more times. During 
the final precipitation cuprous oxide was not added in excess and hence the 
precipitate obtained was essentially all mercaptide. The cysteine mer- 
captides were then washed twice with alcohol, deposited evenly on alumi- 
num disks in quantities sufficiently small not to necessitate correction for 
self-absorption, and counted in the usual manner. The results (Table 
IV) show that radioactive sulfur administered as sulfate was incorporated 
in cystine. 

Cysteine mercaptides isolated in this way from non-radioactive albumens 
hydrolyzed in the presence of radioactive sulfate were not radioactive. A 
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small amount of cystine was obtained from radioactive mercaptides after 
decomposition with H.S. Paper chromatography indicated that within 
the errors of the method the cystine thus obtained was free of contamina- 
tion with sulfate or methionine. 

In another ‘trial, two hens were injected daily with 1.3 mg. of sodium 
sulfate, yielding 11.8 X 10° ¢.p.m. Cysteine mercaptides were separated 
from hydrolysates of albumens of eggs laid on the 6th or 7th day following 
injection. Crystalline cystine was prepared from a pooled sample of the 
mercaptides by the method of Stekol and Weiss (12) after addition of car- 
rier cystine. The cystine isolated contained 982 c.p.m. per mg. of S. 
The sulfur content was 26.7 per cent (theoretical, 26.7 per cent). 

No radioactivity was found in egg hydrolysates after precipitation and 
removal of all the sulfate and cystine. This indicated that all of the S* 
was present as either sulfate or cystine sulfur. 


TaBLeE IV 


Specific Activity of Cuprous Cysteine Mercaptides Isolated from Eggs Laid by Hens 
Injected with Radioactive Sulfate* 





C.p.m. per mg. mercaptide 





} | 
: D a | 
Hen No. —2" | eee 2 eee ee ee oe eee 

Albumen Yolk 

pres | | 
5206 7 | 83.7 35.2 
8 | 70.6 | 38.8 
5238 6 28.9 15.1 





*2.1 X 10° c.p.m. of carrier-free H2S*5O, daily. 


In order to determine more precisely whether methionine was radioac- 
tive, cystine and methionine of an albumen hydrolysate were separated by 
chromatography on Dowex 50 by essentially the procedure of Stein and 
Moore (13), with HCl as an eluent. 20 ml. fractions were collected and all 
tubes assayed microbiologically (14) for both cystine and methionine. 
Radioactivity was determined on an aliquot of each fraction in a propor- 
tional counter. With this procedure, 0.24 mg. of cystine was found, hav- 
ing a specific activity of 3900 c.p.m. per mg.; 0.42 mg. of methionine was 
present, with no detectable radioactivity. Radioactivity of methionine 
with 5 per cent of the specific activity of the cystine would have been de- 
tected by our technique. All of the radioactivity placed on the column 
was recovered in the eluates. 


DISCUSSION 


As far as we are aware, no evidence has been presented previously which 
would indicate that a non-ruminant can utilize sulfate for cystine synthesis. 
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The fact that the sulfate was injected would suggest that microorganisms 
in the intestine do not take part in this process. In addition, it seems likely 
that both cystine and methionine would contain radioactive sulfur if the 
synthesis proceeded via microorganisms. The possibility of microbial ac- 
tion in the hen cannot be ruled out, however, since it has been demon- 
strated (15) that calcium and phosphorus are excreted into the intestinal 
tract of the hen and injected sulfate might be excreted in a similar manner, 
In addition, it has been reported (16) that a species of bacteria could syn- 
thesize cystine, but not methionine, from sulfate. Possible schemes for 
the conversion of sulfate to cystine or methionine have been suggested by 
various workers (2, 17, 18). 

The presence.of S** in cystine was not due to an exchange of sulfur dur- 
ing the isolation procedure, since the control studies showed that there was 
no S** in cuprous cysteine mercaptides isolated from non-radioactive eggs 
that had been hydrolyzed with radioactive sulfate. 

Since the rat is unable to utilize sulfate sulfur for the synthesis of cystine 
(3, 4), it appears that sulfate metabolism in the hen is different from that 
in the rat. 

In these experiments relatively little sulfate sulfur appeared to be con- 
verted to cystine sulfur. However, when diets low in the sulfur-contain- 
ing amino acids are fed, it is conceivable that a greater percentage of the 
sulfate sulfur would be utilized for this purpose. 


SUMMARY 


1. The uptake and distribution of S** in eggs laid after administration of 
S*°-labeled sulfate have been determined. 

2. S** was found in the albumen as dialyzable and non-dialyzable sulfate 
and “organic” sulfur. S** was present in the yolk primarily as dialyzable 
sulfate and non-dialyzable ‘‘organic”’ sulfur. 

3. The conversion of sulfate sulfur to cystine sulfur in the laying hen 
was demonstrated by the presence of S** in the cystine isolated from the 
egg. The methionine was not radioactive. 
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OPTICAL ENANTIOMORPHS OF TERTIARY LEUCINE 


By NOBUO IZUMIYA,* SHOU-CHENG J. FU, SANFORD M. BIRNBAUM, anp 
JESSE P. GREENSTEIN 


(From the National Cancer Institute, National Institutes of Health, 
Bethesda, Maryland) 


(Received for publication, June 3', 1953) 
Tertiary leucine, a-amino-f ,8 ,8-trimethylpropionic acid (1), 


(CH;);CCH(NH2)COOH 
(I) 


was first synthesized by Knoop and Landmann (1), and was resolved into 
its optical enantiomorphs by Abderhalden, Faust, and Haase (2) through 
the interaction of brucine with the N-formy! derivative of the racemic 
amino acid. Isomers with [a], in water = +10.01° and —10.15° were 
obtained. Abderhalden and his coworkers assigned the L, or natural, opti- 
cal configuration to the dextrorotatory isomer on the basis of the following 
evidence. Knoop and Okada (3) had fed the racemic amino acid to dogs, 
and had isolated from the urine an amino acid whose p-toluenesulfony! 
derivative in alcohol was dextrorotatory. A dextrorotatory p-toluene- 
sulfonyl derivative was likewise isolated from dog urine by Abderhalden 
et al., after subcutaneous administration of the levorotatory amino acid, 
which was identical in all respects with the derivative obtained by the inter- 
action in vitro between p-toluenesulfony! chloride and the levorotatory 
amino acid. This, apparently the unmetabolized isomer of tertiary 
leucine, was therefore assigned the p, or unnatural, optical configuration. 

A further line of evidence was based on the ready conversion of the 
amino acid isomers to the optically active a-bromo acids through the ac- 
tion of nitrosyl bromide. Each of the bromo acids was coupled in peptide 
combination with the amino group of L-tyrosine, and the two diastereo- 
isomeric a-bromo-8 ,8,6-trimethylpropionyl-L-tyrosines were treated with 
trypsin. Only that derivative whose acy! radical had been derived from 
the dextrorotatory tertiary leucine was appreciably hydrolyzed by the 
enzyme (2). This would suggest that the dextrorotatory amino acid was 
indeed of the L configuration, provided that a Walden inversion had not 
occurred in the conversion to the bromo acid. Inasmuch as the free 
bromo acid could be converted by amination back to the amino acid with 
the original sign of rotation, it was assumed by Abderhalden et al. that 
no such inversion had occurred. 


* Visiting Fulbright and Smith-Mundt Scholar; on leave from Kyushu University, 
Japan. 
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We felt it to be desirable to check these allocations of configuration by 
preparing the optical enantiomorphs of tertiary leucine by a procedure 
which would be optically specific.' The general resolution method de- 
veloped in this Laboratory has involved the preparation of enzymatically 
susceptible derivatives of the amino acids which would be asymmetrically 
hydrolyzed by the enzyme employed (4, 6). These have been either N- 
acyl or amide derivatives. In the case of tertiary leucine, resolution was 
effected through the asymmetric action of an amidase on the racemic amino 
acid amide. A purified amidase fraction of hog kidney, some thirty times 
more active than the aqueous homogenate, was prepared and was found 
to hydrolyze the pi-tert-leucinamide at an appreciable rate, and to a maxi- 
mum of 50 per cent of the racemate. Since the enzyme was completely 
inactive toward p-leucinamide, and since no p amidases have yet been 
found in animal tissues, it was assumed that the susceptible isomer was 
L in optical configuration.2 The racemate thus yielded at the end of the 
enzymatic reaction L-tert-leucine and p-tert-leucinamide. 

The separation of these compounds from the deproteinized and concen- 
trated digest was accomplished in two ways. The first was that employed 
earlier by Hamer and Greenstein (8) in the resolution of pL-prolinamide, 
which consisted in treating the alkaline, ammonia-free digest with carbo- 
benzoxy chloride; the carbobenzoxy-p-tert-leucinamide crystals which im- 
mediately formed could be separated by filtration from the solution con- 
taining the alkaline salt of the carbobenzoxy-t-tert-leucine. Removal of 
the carbobenzoxy group in each case yielded the respective free compounds. 
The second method of separation involved the use of an Amberlite XE-64 
ion exchange resin, analogous to that reported from this Laboratory by 
Baker and Sober (9), whereby the L-amino acid and the p-amino acid 
amides could be directly separated.* A point of interest was the unusual 
resistance of the amide to acid hydrolysis, for it required some 10 to 12 
hours of refluxing in 5 Nn HCl to convert the p-/ert-leucinamide to the free 
p-tert-leucine. The ready hydrolytic action of the amidase on the L-tert- 
leucinamide is all the more striking in contrast. 

The t-lert-leucine obtained by the enzymatic resolution possessed an 


‘If the Abderhalden assignment of optical configuration were correct, tertiary 
leucine would be an exception to the Lutz-Jirgensons rule, for the isomer with [a]» 
+10.01° in water (L, according to Abderhalden) possesses an [a], —8.19° in 20 per 
cent HCl. Although two amino acids constitute known exceptions to this rule, 
namely isovaline (4) and threo-8-phenylserine (5), so many of the amino acids follow 
this rule that new, possible exceptions must be carefully considered before they are 
admitted to this category. 

2 p-Amino acid amidases are actively present in mushrooms (7). 

3 The authors are indebted to Dr. Herbert A. Sober and Dr. Elbert A. Peterson 
for their advice on the chromatographic separation on this resin. 
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a], in water = —9.7°, and the p-tert-leucine an [a], +9.5°. These con- 
figurations are opposite to those proposed by Abderhalden et al. (2). The 
results of these authors can be interpreted on the present basis if it is 
presumed that (a) the conversion of dextrorotatory tertiary leucine — 
a-bromo acid — dextrorotatory tertiary leucine, like that of valine (10), of 
isoleucine (11, 12), and of O-methylthreonine (13), consists of two consecu- 
tive Walden inversions,‘ and that (b) the administration to the dog of an 
amino acid unknown in nature but which possesses the L configuration, as 
Knoop and Kertess (14) and later du Vigneaud and Irish (15) have shown, 
may result in excretion of the amino acid in unchanged configuration. 


EXPERIMENTAL 


pi-tert-Leucine—This compound was prepared essentially by the method 
of Knoop and Landmann (1). Pinacolone was oxidized to 8 ,8 ,6-trimethyl- 
pyruvic acid. Conversion of the latter to the oxime was accomplished by 
mixing 1 mole with 1.2 moles of hydroxylamine hydrochloride in 2.2 moles 
of 3 N sodium hydroxide. The solution was heated for 30 minutes at 60°, 
cooled to 25°, and treated with the equivalent amount of 6 n hydrochloric 
acid. The oxime was extracted into ether, the solvent was removed, and 
the residue recrystallized from chloroform. The oxime was reduced to the 
amino acid by refluxing in a mixture of twice its weight of zinc dust and 
25 times its weight of 50 per cent acetic acid for 6 to 7 hours. The crude 
amino acid, freed of Zn, was twice crystallized from water by addition of 
excess acetone. 

Chloroacetyl-p.-tert-leucine—The amino acid was treated in chilled alka- 
line solution with chloroacetyl chloride in the usual manner. The dried 
product was obtained in a yield of 70 per cent of the theory. It was re- 
crystallized from acetone-ether as regular prisms; m.p. 162° (corrected). 
Recrystallization of the compound from water did not change the melting 
point. When incubated at pH 7.0 with a relatively large amount of hog 
kidney acylase I for about 12 hours, no trace of hydrolysis could be noted.® 


(207.5). Calculated. C 46.3, H 6.8, N 6.8, Cl 17.1 
Found. ** 46.5, ‘* 6.7, “* 6.8, “* 17.0 





‘Valine, isoleucine, and tertiary leucine may all be considered to be B-alkylated 
a-amino-n-butyric acid derivatives; e.g., valine is the 8-methyl, isoleucine the £B- 
ethyl, and tertiary leucine the 8, 8-dimethy] derivative ; O-methylthreonine is another 
type of B-substituted a-amino-n-butyric acid derivative. It is noteworthy that, for 
all of these similarly constituted compounds, the sequence of amino acid — a-bromo 
acid — amino acid is accomplished without change in the optical configuration of the 
amino acid. 

5 The earlier report (16), which described an appreciable hydrolytic rate by acylase 
I of chloroacetyl-pt-tert-leucine and a melting point of 204°, could not be confirmed. 
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pL-tert-Leucinamide—The first attempt to prepare this compound was 
through the amino acid ester hydrochloride. -pi-tert-Leucine was sus- 
pended in the 10-fold amount of dry methanol and dry HCl gas introduced 
rapidly to saturation. Removal of the solvent and treatment of the resi- 
due with dry ether yielded a crystalline solid in good yield, which, from 
its elemental] analysis, appeared to be nearly wholly the amino acid hydro- 
chloride. The amino acid was esterified by saturating its methanol solu- 
tion with HC) gas, the solution being allowed to stand at 26° for 18 hours 
and thereafter refluxed under anhydrous conditions for 6 hours. Removal 
of the solvent and recrystallization from alcohol-ether yielded the methyl 
ester hydrochloride of pu-tert-leucine in 80 per cent yield; m.p. 193° (cor- 
rected). 


(181.5). Calculated. C 46.3, H 8.9, N 7.7, Cl 19.6 
Found. ** 46.3, “* 8.7, * 7.7, “ 198 


The compound was dissolved in the 10-fold volume of dry methanol 
saturated with ammonia, and the solution was allowed to stand for 6 to 
8 days at 26°. The removal of the solvent yielded a product with a melting 
point of 193°, and which possessed the same elemental analytical values 
as the ester hydrochloride. Treatment of the ester in a mixture of mag- 
nesium oxide, water, and chloroform with carbobenzoxy chloride yielded 
the carbobenzoxy amino acid ester as an oil. Treatment with alcoholic 
ammonia for 3 days at 26° failed to yield the amide. The residual oil gave 
analytical figures identical with the methy] ester of carbobenzoxy tertiary 
leucine; calculated N 5.0, found, 5.2. No appreciable amidation had evi- 
dently occurred in either case. These experiments were repeatedly per- 
formed with invariably negative results. 

pi-tert-Leucine was treated in the usual way in alkaline solution with 
1.2 moles of carbobenzoxy chloride. An oil separated upon acidification, 
which crystallized after standing several hours at 5°. The carbobenzoxy- 
pL-tert-leucine was dried and crystallized from ether-petroleum ether. The 
yield was 83 per cent of the theoretical; m.p. 88° (corrected). 


(265.3). Caleulated, C 63.4, H 7.1, N 5.3; found, C 63.6, H 7.1, N 5.3 


The carbobenzoxy-p.-lert-leucine was dissolved in the 10-fold amount 
of dry ether at —20°, and the solution shaken at this temperature with a 
little more than the theoretical quantity of phosphorus pentachloride. 
After most of the latter reagent had disappeared, the solution was filtered 
and the solvent was removed by distillation from a flask immersed in an 
ice bath. The residual oil was repeatedly taken up in chilled dry ether 
and the solvent removed each time by distillation. The final residue con- 
sisted of a white, crystalline mass. The compound was dissolved in the 
minimal amount of dry ether and crystallized by addition of dry petroleum 
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ether; m.p. 123° (corrected). This compound on analysis was completely 
free of chlorine, and appeared to be the pure N-carboxy anhydride of 
tertiary leucine. The yield of anhydride from the carbobenzoxy amino 
acid was 94 per cent of the theoretical. 


(157.2). Caleulated, C 53.5, H 7.1, N 8.9; found, C 53.6, H 7.1, N 9.0 


The tertiary leucine anhydride was dissolved in dry ether, chilled, and 
treated with gaseous ammonia to saturation. The amide carbonate pre- 
cipitated rapidly and was obtained in nearly quantitative yield by addition 
of petroleum ether to the concentrated mixture. It was filtered, washed 
with dry ether, and dried in vacuo for about 48 hours over H.SO, until 
free of ammonia. The compound was dissolved in the minimal amount of 
water, treated with 5 n HCl to pH 4 to 5, and evaporated to small volume. 
The amide hydrochloride was then crystallized in 88 per cent yield by addi- 
tion of excess acetone. Repetition of the crystallization yielded a pure 
white product, which melted in a sealed tube at 337° and gave nearly the- 
oretical values upon analysis.® 


(166.7). Calculated. C 43.2, H 9.1, N 16.8, Cl 21.3 
Found. “© 43.1, “9.0, “ 16.8, * 21.3 


pi-tert-Leucinamide-HCl in aqueous solution at pH 8 was very slowly 
hydrolyzed by aqueous homogenates of hog kidney. For the practical 
resolution of this compound in relatively large amounts, it was obviously 
desirable to employ a purified preparation of the hog kidney amidase 
activity. 

Preparation of Hog Kidney Amidase—1 kilo of fresh frozen hog kidneys 
was thawed, defatted, and homogenized in a Waring blendor with 2 vol- 
umes of ice water. When tested against L-leucinamide (0.7 ml. of 0.2 m 
tris(hydroxymethy]l)aminomethane buffer at pH 8, 0.3 ml. of 0.1 m MnCly, 
1 ml. of enzyme solution, and 1 ml. of 0.05 m neutralized substrate), the 
activity of the crude homogenate was 100 uM of substrate hydrolyzed per 
hour per mg. of N. The total activity was 1.8 K 10° um per hour. The 
homogenate was centrifuged at 1240 X* g for 20 minutes and the pellet 
was discarded. The supernatant solution was chilled to 0° in an ice bath 
and brought to pH 5.0 with 2 Nn HCl. The thick suspension was immedi- 
ately centrifuged at 3570 X g for 30 minutes at 0°, and the extract was 
quickly adjusted to pH 6.5 by the addition of 2 N NaOH. At this stage 
the specific activity was 370 um per hour per mg. of N and the total ac- 
tivity was 1.7 X 10° un per hour. 

Solid ammonium sulfate was added to a final concentration of 35 gm. 

° The crystalline acetate of pu-tert-leucinamide could be readily prepared from 


the hydrochloride by treatment with silver acetate; m.p. 192° (corrected); (190.2), 
calculated, N 14.7, found, N 14.8. 
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per 100 ml. After separating the resulting precipitate by centrifugation, 
the further addition of 22 gm. of solid ammonium sulfate per 100 ml. of 
supernatant solution precipitated the amidase almost quantitatively. The 
precipitate was taken up in distilled water and dialyzed overnight against 
running tap water. The specific activity was about 1800 um per hour per 
mg. of N and the total activity was 1.5 <X 10° um per hour. This clear, 
deep red solution was then quickly frozen, lyophilized, and stored at 5°. 
The product was extremely soluble and quite stable under these conditions, 

For use in the resolution procedure, this material was taken through a 
further step in order to eliminate most of the adherent red-colored ma- 
terial. 3 gm. of the lyophilized powder were dissolved in 480 ml. of dis- 
tilled water, the pH was adjusted to 7.0 with a few drops of molar sodium 
acetate solution, and 120 ml. of calcium phosphate gel (containing 20 mg. 
of solids per ml.) were added and mixed. The suspension was centrifuged 
and the fluid discarded. 100 ml. of 0.1 m phosphate buffer at pH 7 were 
thoroughly mixed with the pellet and the gel was centrifuged off. The 
extract containing most of the activity was dialyzed free of phosphate and 
was either used immediately or was lyophilized for storage. The amount 
of dried protein diminished at this purification step by one-half. This 
product had a specific activity against L-leucinamide of 3400 um per hour 
per mg. of N. Its activity against p-leucinamide under the same condi- 
tions was zero. 

When assayed as indicated above, this preparation hydrolyzed 12 um of 
pL-tert-leucinamide per hour per mg. of N. However, under the condi- 
tions of the resolution (0.1 m racemic substrate) the initial rate was in- 
creased to 25 wm per hour per mg. of N. No hydrolysis of the p-éert-leu- 
cinamide could be detected. 

Resolution of vu-tert-Leucinamide—25 gm. of pti-tert-leucinamide hydro- 
chloride (0.15 mole) were dissolved in 1200 ml. of water containing 0.3 gm. 
of MnCl],-4H,0. The pH was adjusted to 8.0 with 2 nN NaOH. A solu- 
tion of the amidase containing the equivalent of 132 mg. of protein N was 
added, and the volume was adjusted to 1500 ml. After 24 hours incuba- 
tion at 37°, the results of ammonia and of manometric ninhydrin deter- 
minations indicated essentially complete hydrolysis of the susceptible 1 
isomer. Enzyme equivalent to 30 mg. of nitrogen, together with 60 mg. 
of MnCl,-4H.O, was added and the incubation was allowed to continue 
for another 16 hours, at which time the hydrolytic reaction had attained a 
constant level. 

The solution was cooled and the precipitated manganese oxides were 
filtered off. After adjustment of the filtrate to pH 5, the solution was de- 
proteinized with Norit and concentrated in vacuo to 160 ml.; 120 ml. of 
this solution were used in the separation of the isomers through their 
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carbobenzoxy derivatives, and 40 ml. were employed in the separation by 
ion exchange chromatography. 

Separation Method Involving Carbobenzoxy Derivatives—To the 120 ml. of 
the deproteinized, concentrated digest, 30 ml. of saturated potassium car- 
bonate solution were added, and the mixture was rapidly aerated until all 
of the ammonia was removed. The solution was chilled in an ice bath and 
25 gm. of carbobenzoxy chloride were added dropwise and with constant 
stirring over the period of an hour. Stirring was then continued for 2 
hours longer at 25°. The crystalline carbobenzoxy-p-tert-leucinamide was 
filtered and washed with dilute potassium carbonate solution. The com- 
bined filtrate and washings were acidified to pH 1.5 by addition of 5N 
HCl, and the oily carbobenzoxy-t-tert-leucine which appeared was ex- 
tracted into ether. The ether extract was dried over anhydrous sodium 
sulfate, filtered, and the solvent removed. The residual oil was taken up 
twice in ether and precipitated each time with petroleum ether, but no 
tendency to crystallize was evident. This behavior of the optically active 
compound was in contrast with the corresponding carbobenzoxy-p.-tert- 
leucine which readily crystallized. 

The oily carbobenzoxy-.-lert-leucine was therefore dissolved in 40 ml. of 
methanol, 1 ml. of glacial acetic acid was added, and the solution was 
treated with hydrogen in the presence of palladium black. At the end of 
the reaction, the filtered solution was evaporated in vacuo to about 10 ml. 
and treated with an excess of acetone. The t-tert-leucine which appeared 
was dried and suspended in 20 ml. of boiling ethanol. Hot water was 
added dropwise until solution of the amino acid occurred (12 ml. of water 
were needed). On cooling, the t-tert-leucine appeared as flat, gleaming 
plates. It was dried for 5 hours in vacuo at 100°. The yield was 3 gm., 
or 40 per cent of the theoretical. [a]? of 3 per cent solution in water was 
—9.7°, and of a 3 per cent solution in 5 n HCl at the same temperature 
+9.0°. The optical behavior of the amino acid thus follows the Lutz- 
Jirgensons rule. -tert-Leucine, when tested with relatively large amounts 
of Crotalus adamanteus venom L-amino acid oxidase, was completely inert. 


(131.1). Calculated, C 54.9, H 10.0, N 10.7; found, C 54.4, H 10.0, N 10.7 


The crystalline carbobenzoxy-p-tert-leucinamide was thoroughly washed 
with water and dried. It was dissolved in ethy] acetate, filtered, and evap- 
orated to the appearance of crystals. The crystals were transferred to the 
filter with dry ether. The yield was 13 gm. or 86 per cent of the theoreti- 
cal; m.p. 136° (corrected); [a]?® —15.5° (2 per cent solution in absolute 
ethanol). 


(264.2). Calculated, C 63.6, H 7.6, N 10.6; found, C 63.6, H 7.8, N 10.7 
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12.5 gm. of the carbobenzoxy-p-tert-leucinamide were dissolved in 60 
ml. of methanol, and 11 ml. of 6 N HCl were added. The solution was 
treated with hydrogen in the presence of palladium black. The filtered 
solution was evaporated to dryness, and the crystalline residue (p-tert- 
Jeucinamide hydrochloride) was taken up in 80 ml. of 2 N HCl. After re- 
fluxing for 2 hours, only about 10 per cent of the amide was hydrolyzed, 
The solution was evaporated to dryness, the residue taken up in 150 ml, 
of 5 n HCl, and the solution refluxed for 10 hours. At the end of this 
period, analysis revealed complete hydrolysis of the amide. The solution 
was evaporated to dryness in vacuo, the crystalline residue taken up in 
100 ml. of water, and the solution was shaken with an excess of silver oxide 
until free from chloride ion. The mixture was filtered and treated with 
hydrogen sulfide. After filtration, the colorless filtrate was evaporated 
in vacuo to dryness. The residue, p-tert-leucine, was recrystallized suc- 
cessively from water-acetone and then from water-alcohol mixtures, as 
described above for the L enantiomorph. The yield of dried amino acid 
was 4 gm., or 65 per cent of the theoretical. [a]? of a 3 per cent solution 
in water +9.5°, and of a 3 per cent solution in 5 n HCl —8.3°. _ p-tert- 
Leucine, treated with a relatively large amount of hog kidney p-amino 
acid oxidase, was completely inert. 


(131.1). Calculated, C 54.9, H 10.0, N 10.7; found, C 54.7, H 10.0, N 10.6 


Separation Method Involving Ion Exchange Chromatography—The 40 ml. 
sample of the concentrated, deproteinized, resolution mixture was evapo- 
rated in vacuo to dryness, and the residue extracted into a solution of 5 
per cent HCl in absolute alcohol-acetone (4:1). The extract, to which a 
small amount of water was added, was evaporated to dryness, the residue 
was dissolved in water, and the resulting solution treated with a slight 
excess of silver carbonate. The mixture was filtered, treated with H.S, and 
the clear filtrate from the silver sulfide evaporated. 

The aqueous solution containing L-fert-leucine and p-lert-leucinamide was 
brought to 200 ml. volume and shaken with two batches of 50 ml. each of 
the acid form of Amberlite XE-64 resin (about 0.25 gm. of resin per ml.).”:° 
The amide was adsorbed by the resin, while the free amino acid remained 
in solution. The resin was washed with water until the ninhydrin reac- 
tion disappeared. The combined washings were evaporated to dryness in 
vacuo, and the residual t-tert-leucine crystallized from water-acetone and 
water-alcohol as described above. The yield was 1.5 gm., or 60 per cent 


7™This is a weak cation exchange resin with carboxyl functional groups, 
obtained from Rohm and Haas Company of Philadelphia. 

8 In another run, a column measuring 45 cm. X 2.5 cm. wasemployed. The yields 
of the products were the same as those reported above for the “batch process.” 
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of the theoretical; [a]? of a 3 per cent solution in water —9.5°, and in 5 
n HCl +8.7°. 


(131.1). Calculated, C 54.9, H 10.0, N 10.7; found, C 54.6, H 9.9, N 10.8 


The resin containing the p-tert-leucinamide was first eluted with 280 ml. 
of 0.1 N HCl, and then with 180 ml. of 0.05 n HCl. The pH of the com- 
bined eluates was adjusted to 4 to 5 by addition of silver carbonate. The 
mixture was filtered and evaporated to dryness in vacuo. The residue was 
taken up in the minimal amount of methanol, filtered, and precipitated by 
addition of dry ether. The p-tert-leucinamide hydrochloride crystallized 
as thin plates, and was recrystallized from ethyl alcohol-acetone; m.p. 254° 
(corrected). The yield was 3.1 gm., or 76 per cent of the theoretical. 
a]? of a 3 per cent solution in water —32.7°, and in 5 n HCl —35.0°2 


(166.7). Calculated. C 43.2, H 9.1, N 16.8, Cl 21.3 
Found. ** 426, “* 9.1, * 16.7, * 213 


Additional Derivatives of Tertiary Leucine—Benzoyl-pt-tert-leucine was 
prepared in the usual manner; m.p. 165° (corrected); calculated, N 6.0, 
found, 6.0. The corresponding benzoyl-.-tert-leucine crystallized with 1 
molecule of water, which was readily removed on drying in vacuo at 78°. 
The melting point of the hydrated form was 105° (corrected), but after 
being dried the melting point was 151° (corrected). [a]? of the dried 
compound = +26.2° (3 per cent solution in absolute alcohol). Nitrogen 
6.0 per cent. 

Benzoy]-p.-tert-leucinamide has a melting point of 175° (corrected); cal- 
culated, N 12.0, found, 12.1. The corresponding t derivative could not 
be crystallized. Carbobenzoxy-pt-tert-leucinamide was prepared by the 
interaction of carbobenzoxy chloride with pi-tert-leucinamide; m.p. 128- 
132°; calculated, N 10.6, found 10.6. 

Glycyl-pt-tert-leucine was prepared by the ammonolysis of chloroacety]- 
pi-tert-leucine; m.p. 272—275°. 


(188.2). Calculated, C 51.1, H 8.6, N 14.9; found, C 51.2, H 8.5, N 15.2 


SUMMARY 


pL-lert-Leucine was converted to the corresponding amide, and treated 
at pH 8.0 and in the presence of Mn** with a purified amidase fraction 
from hog kidney. The amide was asymmetrically hydrolyzed to t-tert- 
leucine and p-tert-leucinamide. The products were separated by two meth- 
ods, (a) by conversion in alkaline solution to the insoluble carbobenzoxy- 
p-tert-leucinamide and the soluble carbobenzoxy-.-tert-leucine and (b) by 


*The crystalline acetate of p-tert-leucinamide has a melting point of 99-102°, 
and [a]? —30.0° (3 per cent solution in water); calculated, N 14.7, found, 14.8. 
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adsorption of the p-amide on Amberlite XE-64 ion exchange resin in the 
acid phase. Further appropriate procedures yielded the free L-amino acid 
and D-amino acid amide. Prolonged refluxing of the amide in 5 nN HC| 
was found to be necessary to hydrolyze the amide group and yield the free 
D-amino acid. Both L- and p-tert-leucine were completely inert to the re- 
spective L- and D-amino acid oxidases. 

The optical configuration of the tertiary leucine isomers is described, and 
the conflict with earlier assignments of such configuration by Abderhalden 
is discussed. 
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B-MERCAPTOPYRUVATE, A SUBSTRATE FOR RHODANESE* 


By JOHN L. WOOD ann HILDEGARD FIEDLER 


(From the Department of Biochemistry, University of Tennessee, Memphis, Tennessee) 
(Received for publication, June 5, 1953) 


The formation of thiocyanate from cyanide is a reaction catalyzed by 
the enzyme called rhodanese by Lang (1) and transsulfurase by Saunders 
and Himwich (2). Many sulfur compounds have been tested as substrates 
in the system (1, 3, 4). Of these, only thiosulfate and colloidal sulfur 
exhibited appreciable substrate activity toward the enzyme. Inasmuch 
as thiocyanate sulfur may be considered to be derived ultimately from 
cystine, we have been interested in the intermediate stages of the conver- 
sion (5). 

Meister recently reported that crude liver extract converted 8-mercapto- 
pyruvic acid to free sulfur and alanine when the mixture was incubated 
at pH 7.5 to 8.5 (6). It appeared to us that 6-mercaptopyruvate might 
also act as a substrate for thiocyanate formation. We now have tested 
this possibility and have found that a crude extract of acetone powder of 
rat liver, when incubated at pH 9.1, converts cyanide to thiocyanate as 
readily with 6-mercaptopyruvate as with thiosulfate. 


EXPERIMENTAL 


Ammonium §-mercaptopyruvate was synthesized according to the 
method of Schneider and Reinfeld (7), and was characterized by m.p. 
180-182° (with decomposition) and by formation of the phenylhydrazone, 
m.p. 124-125° (with decomposition). 

Liver extract was prepared from rat liver acetone powder according to 
the procedure of Kaplan and Lipmann (8). 5 gm. of acetone powder were 
extracted with 50 ml. of ice water for 30 minutes and the extract was centri- 
fuged at 0°. The supernatant solution contained 0.18 mg. of nitrogen per 
ml. 

For the determination of substrate activity of 8-mercaptopyruvate, 6 
ml. of a 0.07 m solution of the ammonium salt were mixed with 7 ml. of a 
0.15 m phosphate buffer of pH 7.4. To this was added 0.3 ml. of the liver 
extract, the mixture was cooled in an ice bath, and 1 ml. of 0.14 m potas- 
sium cyanide solution was added. The mixture was adjusted to pH 9.1 
as quickly as possible by adding 10 per cent sodium hydroxide, and the 
volume was increased to 25 ml. with water. The system was incubated 


* This work was supported by contract No. AT-(40-1)-283, Title VII, with the 
United States Atomic Energy Commission. 
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at 38° for 30 minutes and then cooled in an ice bath while a 1 ml. aliquot 
was removed. This was added to 5 ml. of nitric acid and ferric nitrate 
solution, prepared according to Goldstein (9). This mixture was filtered 


TABLE [| 
Enzymatic Formation of Thiocyanate 








Substrate Modification of system* no 
ME os oss aise os 4: oes cds ndad 100 
OE PEG erst oho te wares tees y Extract boiled 0.8 
MONE, MG Tah th 2s tala chs OGEiei cud 0 
B-Mercaptopyruvate.................... 100 
op TS SRY eee Sr eee Extract boiled 0.9 
le Widest ON eo ee ree CN- omitted 0 
ee OL On. gr, ee enone Sra ei aeere es Extract omitted 0 
Sea. or iintuget en ais Seca ane 10~* arsenite added 9.0 
Wes Tr padi awed COcede 38 | 10-3 " e 0.9 











* The system consisted of 0.3 ml. of liver extract in 25 ml. volume of solution in 
which the substrate was 0.017 m, CN was 0.0056 mM, phosphate was 0.04 m, pH 9.1. 
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Fig. 1. Relation of pH to thiocyanate production by rhodanese with B-mercapto- 
pyruvate as substrate. 

Fig. 2. Relation between the ratio of 8-mercaptopyruvate to cyanide and relative 
production of thiocyanate. The amount of thiocyanate formed in the standard sys- 
tem with thiosulfate as substrate is taken as 100 per cent. 
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when necessary and the color due to ferric thiocyanate was measured with 
a Coleman junior colorimeter at 520 my after 5 minutes. 

The results were calculated in terms of mg. of thiocyanate by comparison 
with the colorimeter readings of a standard curve obtained with known 
amounts of thiocyanate. 

A standard rhodanese activity of the liver extract was determined by 
replacing the 6-mercaptopyruvate in the above system with an equimolar 
amount of sodium thiosulfate. In other tests of the system, boiled liver 
extract was used, the substrate was omitted, cyanide was omitted, or the 
liver extract was omitted. The results are shown in Table I. 

Inhibition of the rhodanese activity of the system by arsenite as re- 
ported by Bernard et al. (10) was confirmed, the standardized conditions 
described above being used, but with thiosulfate instead of 8-mercapto- 
pyruvate as a substrate. The effects of arsenite in inhibiting rhodanese 
activity toward 6-mercaptopyruvic acid are shown in Table I. 

The optimal pH for 6-mercaptopyruvate as a substrate was determined 
with the system described above at the pH levels shown in Fig. 1. The 
ratio of B-mercaptopyruvate to cyanide for optimal rate of production of 
thiocyanate was determined after the manner of Himwich and Saunders (3). 
The results are shown in Fig. 2. When thiosulfate and cyanide concentra- 
tions were reduced to one-tenth those employed above, one-eighth as much 
thiocyanate was formed. 


DISCUSSION 


The data in Table I show that 6-mercaptopyruvate participates in the 
rhodanese system as devised by Lang (1) and modified by Saunders and 
Himwich (2). The optimal pH is 9.1, which is identical with the optimal 
for thiosulfate. The system is inhibited by arsenite; the optimal ratio 
of 6-mercaptopyruvate to cyanide is 3:1 as for thiosulfate. 

There is little evidence that we were dealing with a single enzyme sys- 
tem. For example, the liver extract exhibited desulfhydrase activity. 
When $-mercaptopyruvate was added without cyanide, hydrogen sulfide 
was released. This was more apparent at low pH ranges and particularly 
when the ratio of the liver extract to 6-mercaptopyruvate was increased. 

The ultimate source of thiocyanate sulfur is obviously cystine or methio- 
nine sulfur. Animals, the body sulfur of which had been labeled by the 
metabolism of cystine-S**, excreted labeled thiocyanate after cyanide ad- 
ministration (5). Free cystine or cysteine, however, is not a substrate 
for rhodanese (3). Although cystine reacts to detoxify cyanide in the 
body, the product is 2-aminothiazoline-4-carboxylic acid (4). 8-Mercapto- 
pyruvate has not been detected as a deamination product of cysteine, al- 
though Smythe (11) found his desulfhydrase to produce pyruvate, hydrogen 
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234 B-MERCAPTOPYRUVATE 
sulfide, free sulfur, and ammonia from cystine. Thus the finding that p- 
mercaptopyruvate may serve as the sulfur-donating compound in the 
rhodanese system adds a significant link to the still incomplete description 
of the pathway from exogenous sulfui compounds to thiocyanate. 


SUMMARY 


8-Mercaptopyruvate serves as a substrate for the rhodanese sys- 
tem which converts cyanide to thiocyanate. The substrate activity is 
equal to that of thiosulfate; the optimal pH of 9.1 and the substrate-cya- 
nide ratios are the same. 
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NON-FIBROUS DESOXYPENTOSE NUCLEOHISTONE 
FROM LIVER 


I, PREPARATION AND COMPOSITION 


By J. MURRAY LUCK, DONALD W. KUPKE,* ALBERTA RHEIN, anp 
MARY HURD 


(From the Department of Chemistry, Stanford University, Stanford, 
California) 


(Received for publication, February 18, 1953) 


Desoxypentose nucleohistone (DNH), the principal component of the 
chromatin substance of nuclei, has been prepared from many sources. All 
preparations, thus far reported upon in the literature, have been found to 
give highly viscous solutions in high concentrations of salt and fibrous 
products on precipitation by dilution. The DNH to be described is of low 
viscosity in either water or moderately concentrated salt solutions and 
gives a non-fibrous product on precipitation. The non-fibrous prepara- 
tions briefly reported upon by Stern et al. (1) (ef. also Steiner (2)) and one 
inadequately described by Bang (3) appear to be quite different, notably 
in respect to their acquisition of fibrous properties when dissolved in m 
NaCl. 

Preparation of Non-Fibrous DNH—The method to be described has been 
applied successfully to nuclei and the chromatin substance of rat liver. 
The nuclei of calf liver, rat spleen, and rat kidney have also been em- 
ployed with success. The nuclei are isolated following homogenization in 
0.002 m citric acid (4). They are washed in sodium acetate, 0.02 m, at 
pH 6.1 and extracted with 0.14 m NaCl containing 0.02 m sodium citrate- 
citric acid at pH 6.5 for removal of nuclear ribonucleoprotein (RNP) and 
cytoplasmic contaminants. The DNH is next extracted with 1 m NaCl 
containing 0.02 m sodium citrate at pH 8.3 and the solution clarified by 
high speed centrifugation (18,000 r.p.m.). The residue is reextracted. 
From the combined supernatant fluids DNH is precipitated by dilution 
with water to 0.14 m NaCl. The non-fibrous white precipitate of DNH 
begins to settle out immediately and may be centrifuged after 1 hour. 
Purification is achieved by redissolving in 1 m NaCl, clarifying, and re- 
precipitating and by subjecting the product to three cycles of dialysis, 
clarification of the dialysate by high speed centrifugation, and freeze-dry- 
ing. The terminal operations remove the lipide, which is otherwise asso- 


* Predoctorate Fellow, National Cancer Institute, United States Public Health 
Service, at the time of this research. Present address, Institute of Physical Chem- 
istry, University of Upsala, Upsala, Sweden. 
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ciated with DNH, together with contaminants of low nitrogen and phos- 
phorus content. Yield, approximately 1 mg. of DNH per gm. of liver. 

If desired, the chromatin particles of the nucleus may be used as a source 
of non-fibrous DNH. In such cases, we have first prepared the nuclei by 
the use of 0.88 m sucrose and citrate at pH 7.4, a modification of Hoge- 
boom’s sucrose method (5). The washed nuclei are then homogenized in 
sucrose-citrate and the chromatin material is isolated by differentia] cen- 
trifugation in sucrose of high specific gravity (53 per cent by volume). 
From the washed chromatin sediment, DNH is extracted with 1 m NaC] 
and precipitated as usual. The product, in respect to physical properties 
and amino acid composition, is identical with that prepared from nuclei 
by the method described in the preceding paragraph. 

Sodium chloride (0.14 m) may not be employed in isolation of the nuclei; 
if it is used during homogenization and washing, a fibrous product is ob- 
tained. Total homogenates of the whole organ may not be employed; if 
these are used, the well known fibrous product is obtained which gives 
highly viscous solutions in M NaCl and dilute metastable solutions in water. 
Modification of the homogenate method to provide for inclusion of citrate 
and exclusion, in the early stages, of sodium chloride gives a very low yield 
of a crude non-fibrous product which in a specific instance contained only 
2 per cent of the DNH calculated from the diphenylamine reaction for 
desoxyribonucleic acid (DNA) to be present initially. Use has also been 
made, in preparation of the nuclei, of citric acid at pH 4 (4), of 5 per cent 
citric acid (6), of ethylene glycol, propylene glycol, and butylene glycol. 
The nuclei so obtained seemed to be very clean but resisted the subsequent 
extractions; yields of DNH obtained from such nuclei were negligible. 

It.should be pointed out that fibrous preparations of DNH are difficult 
to purify and are unsuitable for electrophoretic studies and sedimentation 
analysis; after freeze-drying they are of very low solubility in water, while 
their solutions (e.g. 1 per cent) in media of high ionic strength are very 
viscous. Dr. Richard Welsh has observed, in our laboratory, that, in 
0.005 m NaCl at 25.4°, ,,/c for a 1 per cent solution of non-fibrous DNH 
was 38. Fibrous DNH, 0.2 per cent, in 0.002 m citrate gave a correspond- 
ing value of 500. In 1 mM NaCl, values of 134 and 1010 (830 for 0.2 per 
cent solution) were obtained for 1 per cent solutions of non-fibrous and 
fibrous DNH, respectively. 

Solubility of DNH—A rigorous solubility study of DNH introduces 
many complexities and does not appear to be warranted until more is 
known about the dissociation and dissociation products of DNH. How- 
ever, two points deserve mention. 

Non-fibrous DNH is appreciably more soluble than fibrous DNH. Thus, 
solutions of very low ionic strength (I'/2 ~ 0.008) which contained up to 
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7.23 mg. of N per ml. have been prepared from the dry state at pH 7.3 by 
equilibrating at 1° for 16 hours and clarifying at 20,000 r.p.m. for 15 min- 
utes (23,000 X g, No. 40 head, model L Spinco centrifuge). At pH 5.3 
only 1.02 mg. of N per ml. remained in the supernatant solution and at 
pH 3.8 less than 0.05. The phosphorus content of the supernatant solu- 
tions ran closely parallel to the nitrogen values. 

Fibrous DNH, on the contrary, has a much lower solubility. It was 
found to be virtually insoluble when starting from the dry (lyophilized) 
state. However, a typical non-lyophilized product, prepared from liver by 
the Mirsky-Pollister method (7), was dialyzed against 0.001 m sodium 
citrate until it redissolved and then against potassium phosphate (['/2 = 
0.02)-sodium citrate (/2 = 0.006) of pH 7.7. Much of the protein settled 
out of solution. The mixture was centrifuged for 20 minutes at 18,000 x g. 
The supernatant fluid was viscous and contained 0.170 mg. of N per ml. 
Another preparation in potassium phosphate ([/2 = 0.1)-sodium citrate 
(r/2= 0.03)-sodium chloride (['/2 = 0.9), pH 7.7, was clarified in similar 
fashion. The supernatant solution, which was very viscous, contained 
0.553 mg. of N per ml. 

The second point pertains to the solubility of DNH in salt solutions of 
varying cationic composition and ionic strength. DNH is soluble in water, 
in salt solutions of high ionic strength, and is of minimal solubility in solu- 
tions of medium ionic strength. Starting from an aqueous solution of the 
protein, 8.7 mg. per ml., we sought more precise information as to the 
effects of Nat, K+, Ca++, Mgt+, and Zn** as chlorides on the solubility of 
the protein. The studies were conducted at pH 6.5 + 0.1, in the absence 
of added buffers and after equilibration for 20 hours at 2°. For CaCl, and 
MgCl, the zone of minimal solubility extended from 0.005 to 0.05 m, for 
ZnCl, from 0.005 to 0.13 mM, and for NaCl and KCl, which gave superim- 
posable curves, from 0.10 to 0.25 m. Nitrogen and phosphorus analyses 
on DNH precipitated from 0.1 m NaCl indicated that no fractionation 
had taken place. Zine chloride-DNH was virtually completely insoluble 
throughout the precipitation zone given above. With the other salts, es- 
pecially NaCl and KCl, the DNH appeared to be not as completely insolu- 
ble in the precipitation zone as with ZnCl». In the case of NaCl, however, 
the small amounts of N and P in the supernatant fluid are referable ex- 
clusively to the dissociation products of DNH which escape precipitation: 
sedimentation analysis reveals that DNH as such is not present. These 
findings confirm the more qualitative observations of Huiskamp (8) and of 
Bang (9) who, like Lilienfeld (10), used thymus DNH. These early prepa- 
rations, whether obtained by CaCl. (Huiskamp) or acetic acid (Lilienfeld) 
precipitation of aqueous extracts of the gland, contained 0.5 to 0.7 per 
cent of sulfur and were certainly heavily contaminated with other pro- 
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teins. Quantitatively, the results with NaCl closely approximate the ob- 
servations of Frick (11) with thymus DNH. 

Absorption Spectrum of DNH—The absorption spectrum of DNH is sub- 
stantially that of DNA as Frick has already reported (11). The purine- 
pyrimidine absorption is marked, in both substances, by a very conspicu- 
ous maximum at 260 mu. Absorption due to the aromatic amino acids in 
all simple proteins is revealed by a maximum at 278 my. With DNH, 
however, tryptophan is absent; only 8 of the 160 amino acid residues pres- 
ent per mole of histone (12) consist of phenylalanine and tyrosine. In 
consequence DNH shows no second absorption peak or conspicuous inflec- 
tion at 278 my. Absorption in this position is revealed only by plotting 
the derivative, AF/Amy, against wave-length. The small peak thus ob- 
tained at 278 mu may be enhanced by deliberate addition of more histone 
to the DNH under study. 

Sedimentation and Electrophoretic Analysis of DNH—This is the subject 
of another study which will be published separately. For the purposes of 
the present paper, two observations, however, are germane. The homo- 
geneity of non-fibrous DNH on ultracentrifugal analysis is such as to ex- 
clude the possibility that this substance has been derived from a fibrous 
precursor by random depolymerization along the fiber axis; in such a case 
much heterogeneity in particle size would be expected. Sedimentation 
analysis also suggests that in high concentrations of NaCl the dissociation 
of non-fibrous DNH is minimal. This follows from the observation that 
addition of small amounts of DNA establishes a second sedimenting bound- 
ary, adjacent to but sharply distinct from the original boundary. The 
latter is, therefore, attributable to DNH; if DNA is present, it may not 
be detected by this means. This observation is in harmony with the vis- 
cosity studies which, in so far as media of high ionic strength are concerned, 
can best be explained by the absence of significant concentrations of DNA. 

Gross Composition of DNH—The nitrogen content of non-fibrous DNH 
prepared from liver nuclei is found to be 16.4 to 16.8 per cent, phosphorus 
4.1 to 4.2 per cent, and DNA 41 to 42 per cent.! Free lipide, determined 
by hot extraction with alcohol and ether, is 1.5 per cent or less. Early 
fibrous preparations from homogenates and some nuclear non-fibrous prep- 
arations which had not been adequately reworked in the terminal stages 
gave free lipide values of from 7.0 to 16.5 per cent. Bound lipide has not 
been determined in recent preparations. Ribonucleic acid (RNA) has 


1 Determined by the Dische diphenylamine method and confirmed by the phos- 
phorus content. This assumes that all of the phosphorus is present as DNA phos- 
phorus and that the theoretical value of 9.9 (desoxyribose tetranucleotide, free acid) 
as the percentage of phosphorus in DNA may be employed. Actually this value has 
been reported only once (10) as an analytical result. For the free acid, 9.3 is the next 
highest value reported (13, 14). 
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proved, in all recent preparations, to be less than 2 per cent as determined 
by the orcinol method; the correction for DNA in this procedure is so great 
that we can attach little significance to the absolute values; we conclude, in 
general, that the RNA content is negligible. This is borne out by analysis 
of the purine and pyrimidine bases (15) which shows uracil to be absent. 
Amino Acid Composition—In Table I is shown the amino acid composi- 
tion of non-fibrous DNH. For this analysis use was made of DNH which 


TaBLeE I 
Composition of Protein Residues Prepared from Rat Liver DNH 














Gm. amino acid N per 100 gm. fraction N 

Preparation N-II | Preparation N-IV Histone* 

RD SR, SE EE RC STS 8.5 8.9 7.4 
SE Pe ee Pre Coat 5.3 4.6 5.1 
i to iy as Secs soem bp pes Sia 28.1 22.7 29.8 
NT FING ois oo ne cc sasencse 4.2 3.5 4.3 
| a OS ee ener oe 6.0 6.5 5.8 
I Sait at a5 a shasy cine 0100. dose 4p 6.7 6.6 6.3 
RE ee eee ee et: 4.3 4.0 4.6 
EES Ce ere © 3.7 3.4 3.5 
Ee oe ee ee 6.8 6.0 6.2 
ERR eee err errr 14.9 12.9 12.9 
Methionine.....................-. 0.8 0.4 0.9 
Phenylalanine..................... 1.7 1.6 1.4 
ES alse, Sods tas ae eee woe oe 2.5 3.4 1.9 
ES A Te ee ee ee 4.6 3.8 4.2 
EE ee are ee 4.5 3.7 4.4 
IS cis o sbrw'cls e's six S dsa'v divas oa 1.8 1.4 2.4 
ta hse, Wiaiia yk « peas, aaa tient 4.9 4.4 4.5 
IRIE ok Mc mae area cage 2 109.3 97.8 105.6 














* Brunish et al. (12). 


had been split by heating in 10 per cent trichloroacetic acid (TCA) at 90° 
for 20 minutes. The insoluble portion was thoroughly extracted with alco- 
hol and ether to remove TCA and free lipide. The dry product, consisting 
of the total protein fraction, was hydrolyzed with 6 n HCl. The hydrol- 
ysate was analyzed by the starch column method of Stein and Moore (16). 
All columns were run in duplicate, and in some cases in triplicate, by 
mounting the second and third columns over the second and third rows in 
the fraction collector. Only the first column was under photoelectric con- 
trol but the second and third columns, with approximately the same flow 
rates, were found to deliver volumes sufficiently close to 0.5 ml. per tube 
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(determined by weighing the tubes) to render the analyses quite satisfac- 
tory. By starting the second and third columns about 6 to 12 hours after 
the first we were able to avoid any loss of data which might otherwise 
result from interruption in electric service. 

For comparative purposes we have included a value for histone. We 
realize, of course, that small amounts of other proteins in the presence of 
a considerable excess of histone could escape detection by reference to 
amino acid values alone unless the non-histone protein was relatively rich 
in, for example, methionine, phenylalanine, tyrosine, or proline. 


TaBLe II 
Summary of Purine and Pyrimidine Determinations on Rat Liver DNH Preparations 





Moles per mole P 

















Prepa- Prepa- Prepa- Prepa- Prepa- Calf Beef 

ration ration ration ration ration thymus spleen 

H-IV* C-IIIt N-It N-IIt N-IVt DNA§ NA§ 

Adenine..............| 0.22 0.24 0.24 0.29 0.25 0.28 0.25 

Guanine............| 0.26 0.25 0.30 0.27 0.25 0.20 0.20 

Thymine.............| 0.24 0.23 0.18 0.24 0.23 0.24 0.24 

Cytosine............ 0.18 0.18 0.18 0.18 0.19 0.17 0.16 

a 0.90 0.90 0.90 0.98 0.92 0.89 0.85 
Mole ratios......... 

Guanine-adenine...| 1.18 1.04 1.25 0.93 1.00 0.71 0.80 

Thymine-adenine...| 1.09 0.96 0.75 0.83 0.92 0.86 0.96 

Cytosine-adenine...| 0.82 0.75 0.75 0.62 0.76 0.61 0.64 


























* Fibrous preparation from homogenized liver. 

t Non-fibrous preparation from chromatin material. 
¢t Non-fibrous preparation from nuclei. 

§ Chargaff et al. (17). 


A word should be added about tryptophan and cysteine. Tryptophan 
has not yet been determined. We suspect, from the minimal amount of 
discoloration that forms on acid hydrolysis, especially of histone, that 
tryptophan is absent. The determination of cysteine and cystine by the 
method of Stein and Moore (16) is not entirely satisfactory when very 
small amounts are present. As yet we have not detected any,? although, 


2 In one ‘‘total protein” fraction, prepared in the same way as those reported, but 
from rats of a different history, we did find a clearly defined small peak at a point 
where an oxidation product (either taurine or cysteic acid) or cysteine would be 
expected to come off the starch column (16). In most other preparations this peak 
has not been clearly defined, but at this same effluent volume there has been evi- 
dence of the presence of ninhydrin-positive material. 
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as With tryptophan, we still have not felt prepared to sacrifice the amount 
of protein that would be required for a direct determination. 

Purine-Pyrimidine Base Composition—In Table II is presented the com- 
position of the DNA component of DNH. Samples for analysis were first 
extracted with hot alcohol-ether (2:1) for removal of free lipides and were 
then treated by the method of Schneider (18) by heating the material in 
10 per cent TCA for 20 minutes at 90°. The precipitate was washed with 
5 per cent TCA. The extract and washings were next extracted three 
times with an equal volume of ether for removal of TCA. The TCA-free 
solution was lyophilized and the residue so obtained was dissolved in about 
0.6 ml. of concentrated formic acid and hydrolyzed in a sealed tube at 
175° for 2 hours (19). The formic acid was evaporated in an air stream 
at about 50°. The dry residue was neutralized by the addition of dilute 
NaOH and extracted with hot water. An insoluble fraction was centri- 
fuged and again extracted with hot water. The nucleic acid hydrolysate 
thus obtained was made up to about 5 mg. of nucleic acid equivalents 
per ml. 

Guanine was determined colorimetrically with an aliquot of the original 
TCA extract according to the method of Hitchings (20). 

Adenine, cytosine, and thymine were determined on the hydrolysate by 
the method of Hotchkiss (15). Uracil, if present, moves with the same 
Ry value as cytosine but may readily be recognized and calculated from 
readings in acid solution at 265 and 290 my. Uracil was not found in any 
of the samples studied, thus confirming the absence of RNA in detectable 
amounts from these preparations. 


DISCUSSION 


Two assumptions are commonly made regarding DNH: (a) that native 
DNH, as it occurs in the nucleus, is fibrous; (b) that it is a salt of DNA 
and basic proteins, capable, quite readily, of complete dissociation in NaCl 
solutions of high ionic strength. 

The first assumption can be traced to the accepted fact that it is in the 
chromatin material of the nucleus that DNA is to be found, that the chro- 
matin material reveals itself in fixed nuclei, and in living nuclei during 
mitosis, as fibrillar, and that DNH as hitherto prepared has almost always 
been fibrous on precipitation. However, in so far as the interphase nucleus 
is concerned, the evidence strongly suggests the absence of any fibrillar 
structures (21). On the basis of staining reactions with Ehrlich’s mixture 
of methyl green and acid fuchsin, Kossel (22) came to the interesting con- 
clusion that interphase nuclei contain nucleic acid only as nucleohistone 
while dividing nuclei contain free nucleic acid: nuclei in mitosis gave a 
pure green staining reaction characteristic of nucleic acid, in contrast to 
the violet color given by interphase nuclei. Our own observations with 
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non-fibrous DNH suggest to us that in liver, at least, the evidence does 
not permit the conclusion that native DNH is necessarily and exclusively 
fibrous. 

The second assumption, that DNH is a readily dissociable salt of DNA 
and basic protein, is universally accepted. In fact a method for the prepa- 
ration of histone, developed by Bang (23) and since employed by several 
investigators (e.g. (24, 25)), is based upon the complete dissociation in 
saturated neutral sodium chloride of DNH into DNA and histone. Dr. 
Cook of this laboratory observed an extensive dissociation of fibrous DNH 
at high ionic strengths (26), so also have Petermann and Lamb (27) and 
other investigators (e.g. (28)). We have been less fortunate with non- 
fibrous DNH of liver and have been unable as yet to prepare histone chlo- 
ride and sodium DNA by the Bang-Hammarsten method. Likewise, even 
in 2 m NaCl, liver DNH shows in the analytical ultracentrifuge only a 
DNH boundary with traces of two other components. Further, the com- 
paratively low viscosity of non-fibrous DNH in m NaCl can best be ex- 
plained by concluding that there has been little or no liberation of DNA, to 
which substance the viscous properties of solutions of DNH of high salt 
concentration are usually attributed. 


SUMMARY 


1. The preparation of DNH in a non-fibrous state, with 1 m NaCl as 
the solvent and liver as the source material, is described. 

2. The product is of greater solubility under comparable conditions than 
fibrous preparations obtained from total liver homogenates. 

3. Solutions of non-fibrous DNH are of much lower viscosity (y,,/c) in 
low or high salt than those of fibrous DNH. 

4. In sodium or potassium chloride the product shows a zone of minimal 
solubility extending from approximately 0.10 to 0.25 m salt concentration. 
In calcium or zinc chloride the zone of minimal solubility is broadened 
and shifted in the direction of lower salt content. 

5. The results of gross composition studies and of analyses for amino 
acids and purine and pyrimidine bases are reported. 


This work was pursued, in part, with the assistance of a grant-in-aid 
from the United States Public Health Service (project No. C-484). 

We are indebted to Dr. Hyla Cook, Dr. Noreen Eldredge, and Dr. Rich- 
ard Welsh for certain of the observations recorded in this paper. 
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STUDIES OF THE NEW HAMPSHIRE CHICKEN EMBRYO 
II. ULTRACENTRIFUGAL STUDIES OF THE SERUM PROTEINS* 
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(From the School of Medicine and the Atomic Energy Project, University of California, 
Los Angeles, California) 
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Serological studies by Nace and Schechtman (1), Nace (2), and Schjeide 
(3) and electrophoretic evidence of Moore, Shen, and Alexander (4) and 
Marshall and Deutsch (5) have shown that the serum of the early chicken 
embryo differs greatly from that of the adult. In general the serum of 
the early chicken embryo has a relatively high proportion of a- and £- 
globulins and albumin with little or no detectable y-globulin and in addi- 
tion probably contains protein components not found in the adult (3). 

However, the serum proteins of the developing embryo have received 
relatively little attention from the view-point of their sedimentation prop- 
erties, and those studies which have been made on them have yielded 
different results. Moore, Shen, and Alexander (4) found that the proteins 
of plasma from the 13 day chicken embryo sediment as a single component 
with a sedimentation rate of 3.9 S, whereas Marshall and Deutsch (5) de- 
scribed three sedimenting components, the major having a rate of 4.1 S. 

In this laboratory we have extended the studies of Moore et al. and 
Marshall and Deutsch by application of the techniques of Gofman and 
his coworkers (6). This procedure involves the separation of some of the 
lipoproteins! from the more dense proteins prior to sedimentation analysis, 
and the introduction of this fractionation has revealed heretofore unob- 
served components in these sera.” 

The present report deals specifically with the sedimentation properties 
of the denser proteins in the sera of chicken embryos of 8, 10, 13, 15, 18, 
and 21 days incubation, and also with these proteins in the sera of 7 week- 
old chicks and 1 year-old laying hens. Sedimentation properties of the 
lighter lipoproteins of these stages will be reported in another paper. 


*This paper is based on work performed under contract No. AT-04-1-gen-12 
between the Atomic Energy Commission and the University of California at Los 
Angeles. 

1 Those which float in an NaCl solution of density 1.063. 

2 Marshall and Deutsch (5) mention that, when the density of serum from the 13 
day embryo was increased by the addition of NaCl, two sedimenting components 
were seen, whereas only one had been observed before. However, no measurements 
were performed under these conditions of increased density. 
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Materials and Methods 


All sera used for these studies were from New Hampshire embryos and 
chickens. Blood from embryos of 8 through 18 days of incubation was 
obtained from the allantoic artery, whereas blood from newly hatched 
chicks (21 days of incubation), 7 week-old chicks, and 1 year-old laying 
hens was obtained from the carotid artery. For any single experiment, 
blood was pooled from not less than ten birds of a given stage, except in 
the case of laying hens, when three animals were used in each experiment. 

Several control experiments were run in which no preliminary separation 
of lipoproteins had been made, but the majority of runs was made on the 
dense fractions of fractionated sera. Separation of lipoproteins from the 
denser proteins was accomplished by means of a partition cell devised by 
Schjeide and Dickinson (7) for the Spinco preparatory ultracentrifuge. To 
a given aliquot of fresh serum, an equal volume of 17.6 per cent NaCl 
solution was added. This mixture (pH 7.7) was placed in the partition 
cell, which consists essentially of four plastic disk cylinders sealed together 
with a rubber base stop-cock grease, and was centrifuged for 12 hours at 
30,000 r.p.m. After centrifugation the contents of each quarter were iso- 
lated. The top quarter of the cell contained the lipoprotein and practically 
none of the denser proteins. Most of the denser protein (over 95 per cent 
in embryos) was present in the bottom quarter. Only the bottom quarter 
was utilized for study of the dense proteins on the analytical centrifuge 
(salt concentration approximately 9.0 per cent). 

Ultracentrifugal analysis of the sera was carried out at 59,780 r.p.m. 
in the Spinco ultracentrifuge (model E), and photographs were taken every 
16 minutes for 2 hours and 40 minutes after reaching speed. The same 
cell was used for all of these runs. Measurements of the movement of the 
boundaries were made from enlarged tracings of the photographs. From 
these data, the sedimentation constants were calculated and extrapolated 
to zero concentration according to the procedure of Svedberg and Pedersen 
(8). 

Determinations of the relative concentrations of the major sedimenting 
components were made as follows: The sedimentation pattern seen at 2 
hours and 24 minutes after reaching speed (best resolution) was traced 
directly from the photographic plate to graph paper ruled in sq. mm. A 
tally of the number of sq. mm. occupied by a component gave an approxi- 
mate relative measure of its concentration. The relative concentrations 
of minor boundaries were estimated from sedimentation patterns which 
showed the best resolution of these components. 


Results 


Unfractionated Sera—The sedimenting components detected in whole 
sera from embryos of 13 and 18 days of incubation and from the laying 
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hen are shown in Table I.2 These components were arbitrarily designated 
as a, b, and c. Proteins from the sera of 13 day embryos sedimented as a 
single polydisperse boundary, with an average rate of 3.88. A small addi- 
tional boundary moving at a rate of 5.3 S was discernible in the sera of 
18 day embryos, and in the sera of the laying hen a third additional and 
even faster sedimenting component (9.0 8S) was observed, constituting a 
total of three sedimenting boundaries in sera of the adult bird. At all 
three stages of development the slowest moving component occupied by 
far the greatest area. 

Fractionated Sera—Sedimentation patterns very different from those ob- 
tained above were seen when the material taken from the bottom quarter 




















TaBLe I 
Sedimentation Rates of Components in Unfractionated Sera of Chicken Embryos and 
Laying Hens 
Componentst 
Age Dilution? | ¥ a :, 1 ee bend Me ae om 
— | Per cent§ S20 Per cent $20 Per cent 
Embryo | 
13 days | 1:1 3.8 100 
is “ 1:1.33 | 3.7 9 | 5.3 | 2 
Layinghen | ‘1: | 3.8 75 5.9 15 | 9.0 10 








* Allsera diluted to equal concentration (31.0 mg. per ml.) with 0.8 per cent NaCl. 
+ Arbitrary classifications. 

t Experimental sedimentation constant corrected to 20°. 

§ Approximate per cent of total sedimenting protein. 


of the partition cell was submitted to analytical centrifugation. Whereas 
a single polydisperse boundary was observed in unfractionated sera of 13 
day embryos, the dense fraction now revealed at least two sedimenting 
components. These two boundaries also were found in the sera of embryos 
incubated 8, 10, and 15 days. The slower sedimented at an average rate 
of approximately 2.0 S when corrected to infinite dilution; the faster had 
an average rate of approximately 5.3 8. The actual sedimentation rates 
observed in individual experiments after correction to infinite dilution are 
presented in Table IT. 

A number of additional components appeared in older embryos (Table 


3 In this series of experiments the whole sera were diluted with physiological saline 
until the total solid concentration was 31 mg. per ml. 

‘Corrections to infinite dilution of the two components occurring in sera from 
embryos of 8, 10, 13, and 15 days of incubation were all made by reference to the 
curves of sedimentation rate versus concentration of these two components as found 
in the sera of 15 day embryos (Fig. 1, A). 
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II). In sera from 18 day embryos, a small amount of a fast moving com- 
ponent (18.4 S)5 was detected. In the newly hatched chick, two additional 
small and relatively fast moving components were seen (8.1 S and 15.5 §). 
The 7 week chick displayed components sedimenting at 2.1 8S, 4.8 S, 8.08, 
and 9.8 S,* and, in the sera of the 1 year-old laying hen, boundaries moving 
at rates of 2.08, 5.08, 8.1 S, 6.88,’ 14.7 8, and 17.9 S were observed. As 
may be deduced from Table II, Components 1 through 6 (arbitrarily classi- 
fied) seem to be comparable at various stages of development with respect 


TaBie II 
Sedimentation Rates of Components in Dense Fraction of Sera from Chicken Embryos, 
7 Week Chicks, and Laying Hens 



































Component 1*} Component 2 | Component 3 | Component 4| Component 5 Component 6 
Age ie Seas ee aa ia Came WRB beeen 
Soot pan seo |Per cent] seo |Percent| s2o |Percent| seo |Percent| s20 |Per cent 
ae las - —. 
Embryo! 8|2.1| 56 |5.3| 44 
'10}2.0| 37 |5.3| 63 
/13|2.1] 30 |5.0| 70 
'15/2.0| 32 |5.4| 68 
'18}1.8} 33 |5.0| 66 18 1 
(21 2.0} 51 |5.0) 43 {8.1 2 15.5 2 2 
wks. 
Chick | 7/2.1| 26 |4.8] 70 |8.0| 3 9.8§| 2 
Hen 2.0}; 21 {|5.0| 73 |8.1 3 |6.8§) 0.5 | 14.7 2 17.9 | 0.5 


























The results for each age group are based on an average of three different experi- 
ments. 

* Arbitrary classifications. 

+ Experimental S corrected to 20° and extrapolated to infinite dilution. 

¢t Approximate per cent of total sedimenting proteins. 

§ Experimental S not extrapolated to infinite dilution. 


to their rate of sedimentation. An error of 5 to 10 per cent is inherent in 
the method. The extrapolations to infinite dilution are shown in Fig. 1. 


5 Extrapolation to infinite dilution in the case of the very fast moving components 
seen in the sera of 18 and 21 day embryos was made by plotting on the same graph 
the rate versus concentration of the corresponding components in both the 18 and 21 
day sera (assuming that the absolute rates of these components were identical). 

6 The curves of sedimentation rate versus concentration for three major com- 
ponents of the newly hatched chick and the 7 week chick are shown in Fig. 1, B and 
C, and extrapolation of four major components to infinite dilution in the sera of the 
laying hen in Fig. 1, D. No data are available for such correction of the 9.8 S com- 
ponent observed in the 7 week chick or the 6.8 S component seen in the laying hen. 

7 Because of inadequate data, the sedimentation rate of this component could not 
be corrected to infinite dilution. 
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Fig. 1. Extrapolation of the sedimentation constants of Components 1, 2, 3, and 
5 of chicken serum to infinite dilution. The extrapolated values represent the sedi- 
mentation free from effects of interaction. Extrapolation of Component 4 was not 
made and extrapolation of Component 6 is not shown above.® 
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21 DAY WEEK LAYING 
Fic. 2. Relative concentrations of various sedimenting components indicated by 
areas occupied by the boundaries at 2 hours and 24 minutes after reaching speed. 
The dotted line represents the base-line obtained with 9.0 per cent salt solution. 
The numerals over each boundary represent the area in sq. mm. of that peak above 
the base-line. The total area of all peaks in a pattern (after correction for the height 
to which the cell was filled) is indicated by the numerals at the right of each serum 
pattern. A small correction accounting for the sector shape of the centrifugation 
cell is omitted. 
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Relative concentrations of the two major components occurring in the 
dense fraction of sera from embryos up to 21 days of incubation may be 
deduced from the actual tracings illustrated in Fig. 2, as may concentra- 
tions of the three major dense components in the sera of 7 week-old chicks 
and the laying hen. In Table II the approximate percentage of each com- 
ponent occurring at each stage is listed. These values were used for the 
extrapolations to infinite dilution in Fig. 1. It is seen in Fig. 2 that the 
slower moving component, 2.08, is relatively larger at 8 days of incubation, 
but that the faster moving component increases during the next few days 
so that at 15 days the faster component, 5.3 S, is predominant despite an 
absolute increase of approximately 25 per cent in the slower protein. Fur- 
ther absolute and relative increases of the faster component are seen 
throughout embryonic and postembryonic development, but a 2.0 S com- 
ponent is detectable even in the sera of laying hens. An exception to the 
relative proportions of the 2.0 S component and the 5.0 to 5.3 S component 
is seen in the newly hatched chick. At this stage, the concentration of the 
slower component is strikingly increased. 


DISCUSSION 


Identification of Sedimenting Components—Although we have not yet 
characterized the various sedimenting components appearing in the dense 
fractions of embryonic sera, some information has become available by 
direct analysis. We have also been able to correlate our data with the 
findings of others. 

In the case of the 21 day embryo, dense serum fractions were analyzed 
electrophoretically. Components migrating at rates comparable to albu- 
min, a-globulin, a2-globulin, 82-globulin, and y-globulin were observed. 
Only a trace of y-globulin-like protein was present, but the other globulin- 
like and albumin-like proteins were present as 54 and 46 per cent, respec- 
tively, of the total. When a comparison of these percentages was made 
with the sedimentation pattern for the 21 day chicken embryo (Fig. 2), it 
was seen that these were almost exactly the percentages of occurrence of 
the 2.0 S component and the 5.0 S component. Thus, if we accept the 
5.0 S component as consisting mainly of albumin (this rate of sedimenta- 
tion is fairly consistent with the values given for hen albumin (5) and the 
albumins of several mammals), then the 2.0 S component would appear 
to be a composite of proteins migrating in the regions of the a;- (50 per 
cent), a2- (20 per cent), and B.- (30 per cent) globulins. 

It would further appear that at least one and possibly all three of these 
globulins are combined with lipide. Preliminary lipide analysis of the 2.0 
S component® in the 10 and 13 day embryo indicates that approximately 


8 Obtained for analysis by centrifugation after the serum density had been ad- 
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25 per cent of the total serum lipide is present in this fraction. Approxi- 
mately 28 per cent of the serum lipide is present in the 2.0 S fraction in 
embryos of 15 days incubation. In the 17 day embryo, the 2.0 S fraction 
contains over 30 per cent of the total serum lipide, and in the newly hatched 
chick over 45 per cent of the lipide is present in this fraction. The albumin 
and other globulin fractions contain only 1 to 2 per cent of the serum lipide. 

We have pointed out that the molecules making up the 2.0 S component 
were present in greater relative concentration in the early embryo. In 
general, this slow sedimenting component diminished relative to the faster 
peak (5.0 to 5.3 S) in the course of embryonic development. An exception 
to this trend was seen in the sera of newly hatched chicks, in which the 
2.0 S component suddenly increased so that its concentration was greater 
than that of the 5.0 to 5.38 component. But whereas the 2.0 S compo- 
nent tripled at hatching over the concentration seen at 18 days of incuba- 
tion, the total lipide in the 2.0 S fraction increased only 2-fold during this 
same period. These increases are noteworthy because of their possible 
relationship to the stresses of hatching and the growth processes in general. 

A component which appears in the later stages of embryonic development 
is the fast sedimenting component 18.1 §, first detectable in the sera of 18 
day embryos. This species was also seen in the sera of newly hatched 
chicks, but we were not able to find it in the sera of 7 week chicks and ob- 
served it in only one experiment with laying hens. To determine whether 
such a component might also be present in sera from embryos younger 
than 18 days of incubation, a run was made on sera from 15 day embryos 
in which the protein was adjusted to the concentration observed in 18 day 
embryos. No fast sedimenting boundary was seen, even under these con- 
ditions. 

Components with rates of 8.0 to 8.1 S and 14.0 to 15.5 S were seen in the 
sera of the newly hatched chick and were also observed in the sera of 7 
week chicks and laying hens. However, in the laying hen there was an 
additional boundary, with a rate of 6.9 8. These rates correspond in 
general to sedimentation rates observed for various globulins in several 
different animals. The average reported sedimentation rate of human 
y-globulin lies between 7.0 and 10.08. a- and 6-globulins generally sedi- 
ment more slowly, but rates are reported as high as 17.0 to 18.0 8. 

Mechanisms of Resolution—A probable explanation for the change of a 
single boundary in the intact serum into two boundaries by the present 
procedure involves the concept of protein interference, such as the Johnston 





justed to 1.21 with KBr. Prior centrifugation with the serum density adjusted to 
1.063 with KBr had resulted in the floating and separation of the less dense lipopro- 
teins. 

® Because of inadequate data, the sedimentation rate of this component could not 
be corrected to infinite dilution. 
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and Ogston effect (9). The possibility that the high ionic field produced 
by the presence of a large amount of NaCl may exert a separation effect 
has also occurred to us. Several experiments demonstrated that varying 
concentrations of lipoprotein did not alter the number of sedimenting 
boundaries. Restoration of the salt concentration to physiological levels 
resulted in the reappearance of a single boundary where two had existed 
at higher salt concentrations. 


SUMMARY 


Quantitative separation of chicken embryo serum proteins of low spe- 
cific gravity (i.e. those lipoproteins which float in an NaCl solution of 
density 1.063) from proteins of higher specific gravities was achieved by 
the combined use of high density medium and a specially devised partition 
cell for the Spinco preparatory ultracentrifuge. The sedimentation rates 
and relative concentrations of the dense protein components were then 
determined on the Spinco analytical centrifuge (model E). In embryos of 
8 to 15 days of incubation, two components sedimenting at approximately 
2.0 S and 5.3 S at infinite dilution were observed in the respective sera. 
At 18 days, an additional fast component of 18.4 S was detected, and in 
the newly hatched chick two additional relatively fast sedimenting compo- 
nents were seen (8.1 and 15.5 8). Four of these components apparently 
prevailed in the 7 week chick, the 18.4 S component having disappeared. 
In the laying hen, all five components heretofore noted were observed, 
including a small amount of 17.9 S component, and in addition a compo- 
nent was seen which sedimented at a rate intermediate between the 8.1§ 
and 14.7 S components. 

With the exception of sera from 8 and 21 day embryos, the 5.0 to 5.38 
component was present in greatest concentration at all stages. In general 
the 5.0 to 5.3 S component increased relative to the 2.0 S species during 
development, although there was also an absolute increase in the 2.08 
material. At the time of hatching, however, a striking reversal of the 
relative concentrations of these two main sedimenting boundaries occurred. 
At 7 weeks and in the laying hen the 5.0 to 5.3 S component was again 
predominant. 

Lipoprotein was demonstrated in the 2.0 S material of all stages. No 
lipoprotein was present in more rapidly sedimenting classes. 
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Numerous investigations are being carried out at present to determine 
the behavior of the functional groups of protein molecules toward specific 
reagents. For example, the carboxyl group is suspected of being a possible 
active site for the binding of some metal ions to proteins. To throw further 
light upon studies of metal binding, it is of great importance to prepare 
suitable homogeneous derivatives! of proteins in which the carboxyl group 
is esterified, thus eliminating it as a possible site for binding. 

Although a number of studies have been reported in which proteins were 
methylated with reagents such as dimethyl sulfate, methyl alcohol cata- 
lyzed by HCl, and methyl iodide, extensive criteria for elucidating the ef- 
fects of the reagent on the protein were not employed. This paper reports 
the results of an investigation of the effects on bovine serum albumin of the 
two methylating agents, dimethy] sulfate and acid methyl alcohol. Data 
have been obtained on the specificity of the reagents used and on the 
homogeneity of the resulting protein derivative. Such a study is desir- 
able, especially since previous workers (1) have recognized that their anal- 
yses for carboxyl groups in the methylated albumins were subject to con- 
siderable error because the alkaline conditions of the analyses partially 
hydrolyzed the methylated derivatives. 

The derivatives prepared here were studied by means of methoxyl, 
methyl imide, infra-red, electrophoretic, and ultracentrifugal analyses to 
establish the functional group which was methylated and the homogeneity 
of the modified albumin. 


EXPERIMENTAL 


The bovine serum albumin was Armour’s crystalline product, Lots 4802 
and 128-175. 


* Part of this work was supported by the Office of Naval Research. Presented in 
part before the Division of Biological Chemistry, 122nd meeting of the American 
Chemical Society, Atlantic City, September, 1952. 

‘To be useful for binding studies, the derivatives need not necessarily be similar 
to the native or unmodified protein. It is required, however, for them to be homo- 
geneous. 
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Dimethyl sulfate methylations were carried out in a one phase, rather than 
in the usual two phase, reaction system in an acid pH range of from 4 to 6, 
In a typical preparation, 4.0 gm. of serum albumin were dissolved in 50 
ml. of sodium acetate buffer, pH 4.2, ionic strength 0.2, and the solution 
was cooled to 0°. The methylating reagent was prepared by adding 3 ml, 
of dimethy! sulfate to 200 ml. of distilled water at 0°, shaking vigorously 
for 1 minute, and then allowing the emulsion to clear for 2 minutes. A 
volume of 125 ml. of the aqueous layer, saturated with dimethyl] sulfate, 
was added to the albumin solution with stirring over a period of about } 
to 1 minute. The reaction mixture was allowed to stand at 0° for 18 to 
24 hours and dialyzed against distilled water. Dialysis was carried out 
with intermittent rotation of the bag to give efficient stirring on both sides 
of the cellophane bag. Lyophilization was used to recover the albumin 
derivative. 

Acid alcohol methylation was carried out by the method of Fraenkel- 
Conrat and Olcott (1). Merck absolute methy] alcohol was dried further 
with magnesium methylate and distilled.2 The hydrogen chloride used in 
the reaction was generated by mixing acetyl chloride with a portion of 
cold, dry methy] alcohol, and the required volume of the resulting solution 
was added to the suspension of albumin in methyl alcohol. The normality 
of the HCl in the acid alcohol reagent was determined by titration of an 
aliquot. 

The range of HCl concentrations in the methylating mixture was varied 
from 0.005 to 0.1 N. Most of the reaction mixtures were allowed to stand 
for 24 hours at room temperature, after which time the precipitated deriva- 
tive was cooled and centrifuged at 0°, washed three times with absolute 
methanol, dissolved in ice water to give a 1 per cent solution,’ dialyzed 
against distilled water at 0°, and lyophilized. 

Methoxyl and methyl imide determinations were carried out according to 
the methods described by Niederl and Niederl (2). All analyses were 
computed on a dry weight basis (24 hours at 105-110°) and a molecular 
weight of 69,000. 

Electrophoresis analyses were performed with a Klett apparatus with the 
bath at 1°. Conductivity measurements were made at 0°. 

Sedimentation analyses were carried out at room temperature with a 
Spinco ultracentrifuge. 

Infra-red spectra were obtained with a Perkin-Elmer double beam infra- 
red spectrophotometer, model 21, calibrated (by T. Wentink) by compari- 
son with absorption bands found in the spectra of ammonia, water vapor, 


2 No differences could be detected between derivatives prepared with this alcohol 
and the Merck absolute alcohol used without further drying. 
* This operation diluted the alcohol from the paste to approximately 20 per cent. 
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and atmospheric CO2. The positions of the absorption bands for all of the 
spectra recorded were read directly from the Veeder counter and are ac- 
curate to +0.01 uy. 

A disk of thallium bromide-iodide (KRS-5) was used as window material 
for deposition of the protein film. The fraction of light absorbed by the 
window in the sample beam was exactly compensated by an identical 
window in the path of the reference beam of the spectrophotometer. The 
window is relatively transparent to infra-red radiation from 2 to 40 » and 
is quite resistant to attack by water (3). These KRS-5 windows were 
used in conjunction with brass masks of known aperture and cell holders 
which were machined to close tolerances in order to insure reproducible 
settings. 

Difficulty was experienced in producing an adhering protein film on these 
windows unless the windows were perfectly clean before deposition of the 
sample solution. Grease and dust particles caused cracking of the albumin 
film and consequent loss of sample. The KRS-5 windows were cleaned by 
immersing them in soap solution and rubbing the surface with the fore- 
finger. They were then thoroughly rinsed with distilled water, allowed to 
dry, polished with lens paper, and stored in a desiccator. 

For the preparation of the protein film, a pipette (4) delivering a volume 
of 0.0490 + 0.0001 ml. was used to deposit the drop of a 4 per cent protein 
solution in distilled water in the center of the etched circle of a clean win- 
dow. By means of a clean, thin glass rod, the sample was spread uniformly 
over the enclosed area (1.8 cm. in diameter) on the window. A tightly 
adhering transparent protein film was thus obtained after allowing the 
solution to dry for a period of 4 to 5 hours at room temperature. 

The quantitative procedure for scanning the complete infra-red spectrum 
of a sample from 2.5 to 15 yw involved the proper balancing of the instru- 
ment and the determination of the base-line (100 per cent transmission), 
dark line (0 per cent transmission), and sample spectrum, all recorded on 
the same chart (5). 

With the technique of protein film preparation just described, the per 
cent absorption for independently prepared solutions of the same sample 
was reproducible to better than 2 per cent for all absorption bands from 
3.02 to 8.90 » the spectral region in which frequency assignments could be 
made. 

In order to obtain additional qualitative information, differential spectra 
were also recorded. By depositing a methylated albumin film on the 
sample beam window and a native albumin one on the reference beam 
window, absorption bands common to both proteins were practically bal- 
anced out and only the bands due to modifications in the methylated pro- 
teins appeared. 
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METHYLATION OF SERUM ALBUMIN 


Results 
Acid Alcohol Methylation 


Methyl alcohol, acidified with HCl, was found to introduce methoxy] 
groups into bovine serum albumin to an extent controllable in part by 
concentration of HCl, temperature, and time of reaction, as indicated in 
Table I. Practically all further studies reported here were carried out on 
the derivative containing 94 methoxyl groups per mole of albumin (herein 
referred to as Derivative A).‘ 

In accounting for possible functional groups which might be methylated 
and yield a methoxyl group on HI hydrolysis, it may be mentioned that 








TABLE I 
Effect of Time of Reaction and Concentration of HCl on Methylation of Bovine Serum 
Albumin 
Concentration of HC] | Temperature Time of reaction No. of poe * SToUps 
Reber nce | °C. hrs. 
0.005 25 20 0-2 
0.015 25 190 65 
0.020 0 25 11 
0.030 25 190 89 
0.045 25 190 97 
0.060 25 190 100 
0.10 25 19 94 
0.10 24 47 114 
0.10 25 96 120 


there are approximately 100 free carboxyl groups in bovine serum albumin 
(7-9). In addition, there are thirty serine, thirty-eight threonine, and 
twenty-one tyrosine hydroxyl groups (7) available. The data reported 
below indicate that the carboxyl groups were esterified and that the hy- 
droxyl groups of serine, threonine, and tyrosine were unaffected. 

In reactions of this kind, there is always the possibility that free amino 
groups may be methylated; therefore, methyl imide analyses were per- 
formed on the derivatives in an attempt to determine the number of nitro- 
gen atoms methylated. The interpretation of the analytical data depends 
upon the proper choice of a “blank” value for the methyl imide analysis. 


‘This derivative was chosen for our first detailed study because the number of 
methoxyl groups introduced approximated the number of available carboxyl groups 
in serum albumin. Derivatives with more than 100 methoxyl groups per mole in- 
troduced require further study, particularly with some emphasis on analyses for re- 
leased ammonia from amide groups (6). 
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If a native protein blank is used, the number of N—CH; groups in Deriva- 
tive A is calculated to be fifteen. If, however, there is included in the 
methyl imide blank the value for a simple methoxyl compound, then the 
calculated number of methyl imide groups introduced into the albumin 
molecule approaches zero. Further analyses by other methods (such as 
the Van Slyke amino nitrogen procedure) are being applied to this problem. 
However, it may be mentioned here that no evidence for a methyl imide 
linkage was found in the infra-red spectra. 

The solubility characteristics of serum albumin and other proteins in acid 
methyl! alcohol have already been reported by Fraenkel-Conrat (1) and 
Mommaerts and Neurath (10). Albumin exhibits globulin-like character- 
istics in dry methy! alcohol; 7.e., native serum albumin, normally insoluble 
in dry methy] alcohol may be brought into solution by titration with both 
dry HCl and NaOH, respectively, when about 100 equivalents of acid or 
base are added for each mole of the albumin. Although albumin itself is 
soluble in acidified methy! alcohol, the methylated derivative is insoluble. 
However, all of the derivatives prepared in acid methy] alcohol were found 
to be soluble in water. The solubility of the derivative at the isoelectric 
point (which for the highly methylated derivative occurs in the alkaline 
pH range (see Fig. 2)) could not be determined since the pH required caused 
rapid hydrolysis. 

Hydrolysis of these derivatives occurred to a limited extent even at pH 
values of 5 to 6, at which some loss of methoxyl content was observed. 
Thus, one sample, in its preparation, was dialyzed for 5 hours with efficient 
stirring against three changes of distilled water, 3 liters each, and then 
lyophilized. The pH of the solution at the end of this treatment was 5, 
and the methoxyl content was found to be 119 groups per mole. Further 
dialysis for 72 hours resulted in the usual approach of the pH (6.8 in this 
case) toward the isoelectric point and a methoxyl content of 114. After 
the derivative with 114 groups was brought to pH 7.2 by addition of 
phosphate buffer and dialyzed for 5 hours, a methoxyl content of 95 was 
found. This represents a loss of 20 per cent of the original number of 
methoxyl groups. This derivative when dialyzed an additional 29 hours 
at the same pH gave the same methoxyl content. Derivatives with about 
100 methoxyls per mole, when hydrolyzed in a carbonate buffer of pH 9.5 
at 0° for 24 hours, lost 30 per cent of their methoxyl content. The hy- 
drolysis at pH 9.5 resulted in a derivative which was insoluble at pH 9.5. 
The hydrolyzed derivative dissolved again at pH 4.0, but became in- 
soluble after being dried. Since treatment at pH 9.5 resulted in an in- 
soluble derivative, more alkaline hydrolysis conditions were not tried in an 
attempt to reverse methylation completely. 


5 This treatment successfully removed all the methyl alcohol. 
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Electrophoresis studies’ on Derivative A showed a single component, 
The electrophoretic patterns of native and methylated albumins are pre- 
sented in Fig. 1. The pH-dependence of the mobilities is represented in 
Fig. 2, which illustrates the increase in mobility of the derivative over that 
of the native albumin. The methylated derivatives gave sharp single 
component boundaries throughout the pH range from 2 to 7, whereas 
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Fia. 1. Electrophoretic patterns of native albumin and Derivative A. The ionic 
strength of both the sodium acetate buffer of pH 4.3 and the sodium phosphate 
buffer of pH 6.2 was 0.1. Time of runs, 120 minutes at 15 ma. 





NATIVE 














T T 


METHYLATED 
¢ ALBUMIN 








+8 


+4 


NATIVE 
ALBUMIN 


MOBILITY, 4 x 10° 
°o 





pH 


Fig. 2. Electrophoretic mobility data for native albumin and Derivative A. 
Buffers between pH 3 and pH 6 were acetate, '/2 = 0.1; buffers above pH 6 were 
phosphate, '/2 = 0.1. 


native albumin exhibited two components near pH 4 (12) and a single 
component at more alkaline values. The mobility of Derivative A was 
lower at pH 2.0 (not shown on the graph) than that at pH 4.0 by 0.9 x 
10-° mobility unit because of the change from the sodium acetate buffer to 


* These derivatives were not studied by the technique of Baldwin, Laughton, and 
Alberty (11), since the isoelectric points of the highly methylated derivatives were 
alkaline enough to hydrolyze the ester linkage. However, data on a methylated 
derivative with an average isoelectric point of 5.11 (corresponding to eight methoxyls 
per mole) are given in the paper by Baldwin, Laughton, and Alberty. 





sodiw 


absen 
free 
mobil 
pH r: 
Deriv 
value 
this i 
of th 
94 ca 


tive 5 


Sedim 


prese! 
the s 
A mo 
mann 
molec 
tion | 
ment: 

Sec 
gm. | 
M sod 
was ( 
tion; 
Table 
deriv: 

TI 


ing oc 





ent. 
pre- 
1 in 
hat 
agle 


ionic 
hate 


re A. 
were 


ingle 


was 


er to 


1, and 
| were 
lated 
ioxyls 





SAROFF, ROSENTHAL, ADAMIK, HAGES, AND SCHERAGA 261 


sodium chloride and HCl and the resulting binding of chloride (13). The 
absence of a decrease in mobility from pH 2 to 5 indicated that all of the 
free carboxyl groups of this derivative were esterified.’ The change in 
mobility with pH of Derivative A parallels that of the native albumin in the 
pH range from 5 to 7 (Fig. 2). The shift in mobility from the native to 
Derivative A in this pH region was +10 X 10-5 mobility unit. With the 
value 0.2 X 10-*° mobility unit per charge for bovine serum albumin (14), 
this increase was approximately one-half of that calculated from the effects 
of the methylation, assuming 94 carboxyl groups methylated. That is, if 
94 carboxyl groups were esterified, the increase in mobility of the deriva- 
tive should have been 19 X 10-° instead of 10 K 10-° unit. With the 








TaBLe II 
Sedimentation Values for Native and Modified Albumins, Concentration 0.9 Gm. per 
100 Ml. 
Derivative pH Sodium acetate | *%,w ws Per cent 
M 
A. 94 MeO per mole 3.5 0.05 2.00 89 
84 MeO per mole 3.5 0.05 1.92 91 
OR i .. Sand 3.5 0.10 1.97 82 
2.95 18 
A. 94 MeO per mole 3.7 0.18 2.64 49 
6.38 51 
Se Mk Tae 4.0 0.10 2.34 84 
3.13 16 
Native albumin 5.0 0.10 4.09 90 

















present state of theory for the electrophoretic mobilities of molecules of 
the size of serum albumin, it is difficult to account for this discrepancy. 
A molecule of the serum albumin derivative split in half in a symmetrical 
manner might be one possibility. The fact that some uniform change in 
molecular weight or frictional properties may have occurred in the forma- 
tion of Derivative A was further indicated by ultracentrifuge measure- 
ments. 

Sedimentation velocity studies on Derivative A (at a concentration of 0.9 
gm. per 100 ml.) revealed a single component boundary at pH 3.5 in 0.05 
M sodium acetate. The apparent monodisperse condition of the derivative 
was changed reversibly with increasing pH or sodium acetate concentra- 
tion; both conditions will reduce the net charge on the derivative (13). 
Table II gives data on the sedimentation values for some methylated 
derivatives. 

’ This statement is subject to the qualification that no change in acetate ion bind- 
ing occurred in this range of pH values. 
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Derivative A had a plus charge of about 100 at pH values below 5.0. 
It was to be expected that the sedimentation value of such a charged 
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Fig. 3. Typical ‘seceticandnas mahane for some ahi derivatives at ap- 
proximately 250,000  g, at a concentration of 0.9 gm. per 100 ml. A, native bovine 
serum albumin, after 48 minutes in sodium acetate buffer, pH 4.0, 7/2 = 0.1; 820, » = 
3.76. B, Derivative A, after 128 minutes in sodium acetate buffer, pH 3.5, ['/2 = 
0.05; s20, » = 2.00. C, Derivative A, after 80 minutes in sodium acetate buffer, pH 
3.7, 1/2 = 0.18; se0, ~ = 2.64 and 6.38. D, Derivative A, after 65 minutes in sodium 
acetate buffer, pH 5.0, 0.05 m sodium acetate plus 0.10 m sodium chloride; s20, » = 
2.9 and 6.4. E, modified albumin, 65 methoxyl groups per mole, after 17 minutes 
in phosphate buffer, pH 6.5, '/2 = 0.05 in sodium phosphate plus 0.10 m NaCl; 820, » = 
approximately 4 and 12. 
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Fie. 4. Infra-red spectrum of a native serum albumin film 


molecule would be low. The maximal primary charge effect at low ionic 
strengths would result in a sedimentation constant one-half that of the 
value at the isoelectric point (15). At first glance, it would appear that 
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the value of 2.00 Svedberg units for Derivative A (compared to the sedi- 
mentation constant of 4.09 Svedberg units for native albumin near its 
isoelectric point) was a result of this charge effect. However, application 
of the plot of the measured sedimentation values as a function of the spe- 
cific resistance of the protein solutions (15) gave the extrapolated value 
(at zero resistance) of approximately 3.0 for the sedimentation constant 














TaBLe III 
Infra-Red Absorption Bands, Native Bovine Serum Albumin 
Wave-length Wave Nos. Possible assignment* 
_ “ cm. 

3.02 3310 N-—H stretching vibration in H bonded N—H ***O 
of peptide link (21, 23) 

3.26 3065 Aromatic C—H stretching vibration (19); N—H 
stretching vibration (19, 23) 

3.40 2940 Aliphatic C—H stretching vibration (19) 

6.01 1660 Peptide C=O stretching vibration (23) 

6.18t 1615 NH;* bending vibration (?) (20) 

6.30 1585 COO~ stretching vibration (23) 

6.46 1545 Peptide N—H bending vibration (19) 

6.90 1450 C—H bending vibration (19); saturated CHe and 
CH; bending vibration (18) 

7.18 1390 C—H bending vibration (19); CH; bending vibra- 
tion (19); COO” stretching vibration (23) 

7.75 1290 C—N stretching vibration where C is unsaturated 
(22); cationic N of ammonium type (19) 

8.05 1240 C—O stretching vibration where C is unsaturated, 
as in esters and aromatic ethers (18); cationic N 
of ammonium type (19) 

8.55 1170 C—H bending vibration (19) 

8.90 | 1122 Aliphatic hydroxyamino acids (19) 








* The figures in parentheses refer to bibliographic reference numbers. 
t Masked by strong band at 6.01 yu. 
t Shoulder on band at 6.46 up. 


for Derivative A. This value of 3.0 should approximate the sedimentation 
constant of the uncharged derivative. 

From sedimentation data alone, of course, no conclusions can be drawn 
as to the size and shape of the equivalent hydrodynamic ellipsoid. For this 
derivative, it is important to note that the system was apparently mono- 
disperse to sedimentation under the pH and salt conditions mentioned.® 
Sodium chloride at concentrations of the order of 0.1 m brought about 


* A study of this type of derivative for the elucidation of its molecular weight and 
hydrodynamic properties (16) will appear at a later date. 
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reversible heterogeneity, as revealed by boundaries in which one or more 
components of higher sedimentation value were observed.? Typical sedi- 
mentation boundaries are shown in Fig. 3. It appears from these data 
that acetate and chloride ion binding by albumin has been increased by 
the methylation process. 
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Fig. 5. Infra-red spectrum of a film of methylated serum albumin, 94 methoxyls 
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Fig. 6. Differential spectrum; methylated albumin in the sample beam, native 
albumin in the compensating beam; the methylated sample was slightly overcom- 
pensated. 


Infra-red studies already reported (17-23) allow some assignment to be 
made to bands in the infra-red spectrum of native serum albumin (Fig. 4). 
These possible assignments are summarized in Table III. Serum albumin 
modified with dry acid methyl alcohol gave infra-red spectra similar to 
that shown in Fig. 5. Further information was obtained from differential 
spectra of the type shown in Fig. 6, in which native albumin was used as 
a blank. The modifications appearing in the spectrum of the methylated 
albumins are summarized in Table IV. 


® A separate study on a similar phenomenon in native albumin will appear else- 
where. 
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The infra-red spectra provide strong evidence that dry acid-alcohol meth- 
ylation of albumin is an esterification reaction, based upon the following 
interpretation of these observations. The sharp absorption band at 5.76 
yin the methylated albumins is characteristic of the ester C=O stretch- 
ing vibration (18) and its appearance is undoubtedly due to the introduc- 


TaBLe IV 
Modifications Appearing in Infra-Red Spectrum upon Methylation 





Wave-length | Wave Nos. | Possible assignment* 





New absorption bands 





“ | cm. | 

5.76 1735 | C=O stretching vibration due to production of 
methyl ester group (18) 

7.30 1370 CH; bending vibration due to added methyl] con- 
tent (24) 

8. 28-8 .32 1205 C—O stretching vibration where C atom is un- 

saturated, as in esters and aromatic ethers (18) 
10.0 1000 Unidentified 





Bands showing increased absorption over native albumin 


6.18-6.20 1615 NH;* bending vibration (?) (20) 





6.90-6.95 | 1440 | CH; bending vibration due to added methyl con- 
| tent (18) 
8.05-8 .07 1240 | C—O stretching vibration where C atom is un- 
saturated, as in esters and aromatic ethers (18) 
8.55-8.56 | 1170 | C—H bending vibration due to added CH; groups 
| (19) 





Bands showing decreased absorption over native albumin 





6.28-6.30 
7.18-7.20 


1590 
1390 


Due to esterification of COO~ groups (23) 
oe “cc oe “ce oc ce (23) 











* The figures in parentheses refer to bibliographic reference numbers. 


tion of methyl ester groupings. The 7.30 u band is characteristic of CH; 
groups (24), reflecting the added methyl content produced by the methyla- 
tion. A broad band at 8.28 to 8.32 « appearing distinctly in the differential 
spectrum is in the region of the single bond C—O stretching vibration 
where the carbon is an unsaturated atom, as in esters and aromatic ethers, 
and can safely be assigned to this grouping (18). The band at 10.0 » was 
too weak and broad for any possible assignments. 

The increased absorption intensity of the methylated albumin over that 
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of native albumin at 6.18 to 6.20 yu is in the region which has been assigned 
by Larsson (20) to the —NH;* bending vibrations. However, this assign- 
ment was not supported by the pH conditions of the methylated and 
native albumins, since they were both at approximately the same pH. 
The band at 6.90 to 6.95 yu is in the region of CH; bending vibrations and 
this grouping may be assumed to be responsible for the increase in peak 
height due to the presence of more CH; groups. The increased absorption 
at the 8.05 to 8.07 u band is in the region of the single bond C—O stretching 
vibration, similar to the 8.28 to 8.32 » band, and can be assigned to the 
C—O stretching vibrations when the carbon atom is unsaturated, as in 
esters (18). The 8.55 to 8.56 uw band is probably due to the C—H bend- 
ing vibration increasing in intensity with increased methyl content and 
adds confidence to the assignment to C—-H made in native albumin. 

The observation in the differential spectrum of the decreased band in- 
tensity at around 6.27 to 6.30 uw and at 7.18 to 7.20 uw appearing for the 
methylated albumins was significant, for this presented further evidence 
concerning the functional group attacked in this method of methylation. 
It is well known that the ionized carboxyl group in amino acids shows 
absorption bands at these two wave-lengths (23). It is, therefore, reason- 
able that they should also occur in native albumin when the carboxyl 
group is ionized. If the number of these free carboxyl groups were di- 
minished by esterification, the observed decrease in absorption at these 
wave-lengths would be expected. Further, it has been observed that com- 
plete N methylation or methoxylation removes the 3.26 » band from the 
infra-red spectrum of polyamides (23). This fact forms part of the basis 
for a possible assignment of the appearance of this band to the N—H 
stretching vibration. Since this band also appears without modification 
in the methylated samples, it seems that no methyl imide linkages are 
formed in the methylation reaction, as was also suggested by the methyl 
imide analyses. Thus the infra-red evidence for esterification agrees with 
the observed increase in the net positive charge of the protein upon meth- 
ylation as obtained from electrophoresis. 

Although it was not possible to calculate an extinction coefficient be- 
cause the thickness of the protein film was unknown, nevertheless compari- 
sons could be made between the height of the absorption bands and the 
analyzed methoxyl content. The data contained in Table V give the 
optical densities of the 3.26 and 5.76 uw bands for four acid alcohol-meth- 
ylated serum albumin samples and a native serum albumin sample. The 
5.76 » band was chosen for relating infra-red absorption to methoxy] con- 
tent, because this band reflected the added C=O of the methyl ester 
grouping, whereas the 3.26 » band was chosen for a reference band because 
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this band was not affected by the methylation procedure. The optical 
density of the 5.76 uw band, as treated in Table V, was found to be directly 
proportiona] to the methoxy! content, thus correlating the esterified car- 
boxyl groups with the number of methoxy] groups introduced. 


Dimethyl Sulfate Methylation 


Dimethyl] sulfate in water solution, while leaving the bovine albumin 
molecule virtually intact, gave a derivative difficult to characterize chem- 
ically and of little apparent present use for binding studies. 


























TABLE V 
Quantitative Correlation of Optical Density at 5.76 u with Methoxryl Content 
Optical 
Observed | Observed Optical density No. of Ratio of corrected 
Sanuste'No optical optical density at 5.76 | methoxyls 5.76 # optical 
er density density at 5.76 corrected | per mole density to No. of 
at 3.26 yu at 5.76 (reduced*) for native albumin methoxyls 
albumin 
25 0.507 0.512 0.416 0.323 94.3 3.43 X 10°% 
23A 0.547 0.550 0.414 0.321 93.8 3.42 
22 0.418 0.415 0.408 0.315 87.1 3.62 
26B 0.627 0.486 0.319 0.226 66.5 3.40 
Native albumin 0.412 0.093 0.093 
Average seca ; “ri : era Sys | 3.47 + 0.08 





* The observed optical density at 5.76 u is multiplied by the ratio of the observed 
optical density of native albumin at 3.26 uw (0.412) to the observed optical density 
of the methylated sample at 3.26 u in order to obtain the optical density at 5.76 u 
reduced to a common basis. 


Dimethyl] sulfate has been used previously to modify proteins, but has 
been used in alkaline solutions when the reagent was added directly. 
Edlbacher (25) reported that under these conditions the amino groups were 
methylated. Since these data at alkaline pH were available and since 
treatment with the dimethy] sulfate directly was found to give denatured 
derivatives (from solubility characteristics), the dimethyl sulfate was used 
here in the form of a saturated water solution at 0°, which was added to 
buffered solutions of serum albumin at 0°. In the pH range from 4 to 6 
(controlled by use of sodium acetate buffers), dimethy] sulfate reacted with 
albumin to give a derivative which contained approximately forty methoxy] 
groups on chemical analysis. Even after a 24 hour reaction period at pH 
4 and efficient, stirred dialysis for 28 hours at 0° against three changes of 
water, most of the methoxy! content was found to result from ‘‘bound” 
dimethyl sulfate, as indicated by the use of infra-red and total sulfur 
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analyses. In addition to bound dimethyl] sulfate, the infra-red spectrum 
indicated the formation of a small number of ester linkages, as shown in 
the differential spectrum by the appearance of the C=O band at 5.76 uy. 
Also there was some suggestion of possible disturbance and methylation 
of peptide links. 

Further dialysis against distilled water for 2 additional days with the 
protein solution at pH 4 to 5 removed the bound dimethy] sulfate, as re- 
vealed in the infra-red spectrum. Methoxy! analyses showed a residual 
eight to fifteen methoxyls per mole of albumin, which would correspond to 
a small residual ester peak at 5.76 uw observable in differential spectra. 

Electrophoretic data on these derivatives were obtained over a range 
of pH of 4.3 to 8.6 under conditions of prolonged equilibration with the 
buffer (24 hours) and with shorter periods of equilibration (3 hours). Dia- 
grams from these studies showed less symmetrical boundaries than those 
in native albumin with mobilities changed by approximately +2 x 10- 
uw. These methylated derivatives, containing bound dimethy] sulfate with 
a small number of methylated carboxyl groups, yielded sedimentation dia- 
grams demonstrating the same sedimentation constant and homogeneity as 
those found for the native serum albumin. 


DISCUSSION 


From the data presented it is evident that both dimethyl] sulfate and 
acid methyl alcohol under the conditions described will modify albumin 
without the generalized denaturation usually occurring with extensive mod- 
ifying reagents. Although dimethyl sulfate gave a derivative of little ap- 
parent present use for binding studies, the acid methyl alcohol reagent 
yielded a derivative which will probably prove interesting and useful. 
The body of data presented herein gives strong support for the specificity 
of the acid methyl alcohol reagent in esterifying the carboxyl group. How- 
ever, these data do not exclude methylation of a small number of other 
groups. In interpreting the data, the limiting factor, of course, is the 
accuracy of all the measurements involved. Thus, from analyses reported 
(7, 8), the number of available carboxyl groups computed for bovine serum 
albumin varies from 101 to 105 if 10 a-amino groups are assumed to be 
present. If one a-amino group is used (26), the number of carboxyl groups 
is calculated to be 92 and 96. Derivative A, from the standpoint of 
methoxy] analysis, was therefore a preparation in the right range of meth- 
ylation (based on a molecular weight of 69,000) for complete reaction of 
the carboxyl groups. The fact that the 94 methoxy] groups were all in the 
form of the methyl! ester in Derivative A and not in the ether linkage with 
the serine, threonine, or tyrosine hydroxyl groups was strongly supported 
by (a) no increase in electrophoretic mobility below pH 5 and (b) the 
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quantitative agreement between the number of analyzed methoxyl groups 
(in Derivative A and other preparations) and the relative intensity of the 
band at 5.76 yw in the infra-red analyses. Some additional support was 
found in the absence of new bands in the infra-red spectrum associated 
with the possible new ether linkages. If a small number, say two to four, 
of methyl ethers were formed in the methylation procedure used, it is 
possible that these may not have been detected. 

The other possible main point of attack for the methylation reagent is 
the amino group. Strong support for excluding this site in numbers above 
fifteen was obtained from methy] imide analyses. Corrected methyl imide 
analyses and the infra-red data indicated that it is highly probable that at 
most three amino groups were methylated. 

The albumin derivative appears to be homogeneous under the conditions 
of the acid methyl alcohol treatment. The value obtained for the sedi- 
mentation constant in acid (H,O) solutions of the methylated derivative 
was certainly low, even after correction for the primary charge effect. 
The low value could result from either a change in the molecular weight or 
in the frictional coefficient due to the methylation. These factors would 
also be involved in the production of components of higher sedimentation 
constant upon increasing the pH or the concentration of chloride and 
acetate ions. The effects of these factors are at present under study. It 
may be mentioned at this point that no small fragments were produced 
by hydrolysis during the methylation, since no dialyzable amino acids or 
peptides could be detected. 

It was hoped that a methylated derivative of bovine albumin in which 
all of the carboxyl groups were esterified could be prepared and the esterifi- 
cation reversed progressively by hydrolysis. It was unfortunate that this 
could only be done to a limited extent. The lack of reversibility of the 
methylation and the insoluble derivative resulting from hydrolysis at pH 
9.5 were the only facts pointing toward some possible “denaturation” 
(either during hydrolysis at pH 9.5 or before). All of the other facts so 
far point to a monodisperse albumin derivative changed by methylation of 
the carboxyl group into a molecule of lower molecular weight or greater 
frictional coefficient. 


SUMMARY 


Bovine serum albumin was methylated with two reagents: dimethy] sul- 
fate dissolved in water and dry, acidified methyl alcohol. The deriva- 
tives were studied by the use of methoxyl, methy] imide, electrophoretic, 
sedimentation, and infra-red analyses. Dimethy] sulfate under the condi- 
tions used was not found suitable for preparing a uniform, highly methy]- 
ated derivative. Dry acid methyl alcohol was found to be a suitable 
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methylating agent which appears to esterify selectively the carboxyl groups 
of serum albumin, giving a derivative which appears homogeneous at pH 
3 to 4 in low acetate concentration. 


The authors take this opportunity to thank Dr. W. R. Carroll for his 
generosity in allowing them to use his ultracentrifuge. 
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THE BIOSYNTHESIS OF SPHINGOSINE 
I. THE UTILIZATION OF CARBOXYL-LABELED ACETATE* 


By IRVING ZABIN anv JAMES F. MEAD 


(From the Department of Physiological Chemistry, University of California School of 
Medicine, Los Angeles, California) 


(Received for publication, June 12, 1953) 


Although the elucidation of the structure of sphingosine by Carter and 
his associates (1) has made it possible to investigate the origin of this com- 
pound in animal tissues, no direct evidence concerning the biosynthesis of 
this lipide has been available. It is to be expected that acetate, the pre- 
cursor of fatty acids (2), might also function as a precursor of the 14-carbon 
saturated straight chain portion of sphingosine. The distribution of iso- 
tope derived from labeled acetate in the more polar moiety of sphingosine 
could in addition furnish clues regarding the nature of other possible pre- 
cursors. An investigation of the biosynthesis of sphingosine was there- 
fore initiated with a study of the incorporation of carboxyl-labeled acetate 
into the sphingosine molecule by weanling rats. The results of these ex- 
periments are reported in this paper. 


EXPERIMENTAL 


Administration of [sotope—Twenty-one 20 day-old rats of the Wistar 
strain were injected intraperitoneally with 20 mm of acetate-1-C'™ (Tracer- 
lab, Inc.), specific activity 4 < 10° c.p.m. per mg. of C, in daily doses over 
a4 day period. The animals were sacrificed on the 5th day. 

Isolation of Sphingolipides—The pooled brains (25 gm., total weight) 
were extracted with acetone, ether, and hot alcohol according to Carter 
et al. (3). After cooling the alcoholic solution, 196 mg. of crude white 
sphingolipide were obtained by filtration. Concentration of the mother 
liquor under nitrogen yielded an additional 157 mg. of yellow powder. 

The pooled carcasses, from which the liver, kidney, and heart had also 
been removed, were treated with acetone, ether, and hot alcohol in the 
same manner. The alcoholic extract yielded 1.3 gm. of crude, light brown 
sphingolipide. 

Preparation of Sphingosine Derivatives from Brain Sphingolipide—Kach 
of the two brain sphingolipide fractions was hydrolyzed separately. To 





* This investigation was supported by a research grant, No. H-1255, from the Na- 
tional Heart Institute of the National Institutes of Health, United States Public 
Health Service. A preliminary report of this work was presented at the meeting 
of the American Society of Biological Chemists at Chicago, April 6 to 10, 1953. 
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189 mg. of the first crop were added 570 mg. of crude sphingolipide carrier 
obtained by the same procedure from adult rat brain. It was assumed in 
order to compare the specific activities of fatty acids and sphingosine that 
the composition of adult and weanling brain sphingolipide is approximately 
the same. The lipide was hydrolyzed by refluxing in 10 ml. of 2 N metha- 
nolic HCl for 24 hours. After removal of fatty acids from the petroleum 
ether extract, 177 mg. of sphingosine sulfate were isolated from the hy- 
drolysate by the procedure of Carter and his associates (4). Sphingosine 
sulfate was converted to triacetylsphingosine by the usual procedure (4), 
yielding 183 mg. of crude material which had constant activity on recrys- 
tallization (Table I). An aliquot was removed for elementary analysis.! 


CxHywO;N. Calculated. C 67.73, H 10.18, N 3.29 














Found. ** 67.65, ‘* 10.33, ‘‘ 3.27 
TasBLe I 
Activity and Melting Points on Recrystallization of Sphingosine Derivatives 
Triacetylsphingosine | N-Acetyldihydrosphingosine | Tribenzoyldihydrosphingosine 
Recrystal- ~ 
lization No. C.p.m. per ° C.p.m. r| C.p.m. per} 
mg. é& M.p. mg. & M.p.t mg. && | M.p.t 
°C. | mt a | °C. 
1 440 96.5- 99.5 | 170 122-124 83 142.5-144 
2 455 99 -101 | 165 124-125 90 144 -145 
3 455 100 -101 83 144 -145 
4 465 | 100 -101 | | | 











* Reported 101-102°. 
t Reported 125-126°. 
t Reported 144-145°. 


The second fraction of brain sphingolipide was similarly diluted with 
carrier sphingolipide, and sphingosine sulfate obtained from the hydrolysate 
was converted to triacetylsphingosine. This was combined with the puri- 
fied triacetylsphingosine and the crude material in the mother liquors of 
the first fraction and carrier triacetylsphingosine. After alkaline hydroly- 
sis overnight at room temperature, N-acetylsphingosine was recovered. 
Hydrogenation in the presence of Adams’ catalyst gave 327 mg. of impure 
N-acetyldihydrosphingosine. 

Purification was achieved only with considerable loss of material. Thus, 
the melting point was brought to 121-122.5° (reported 125-126°) only 
after four recrystallizations from methanol, leaving 133 mg. of material. 
The activity remained constant during several more reerystallizations 


1 Elementary analyses were performed by the Elek Micro Analytical Laboratory, 
Los Angeles, California. 








(Tab 


Af 
sphir 
hydr 


of be 
mate 


obta 
conv 
and 
tribe 
eral 
recry 


rier 
dros 


of d 
et al 
hyde 
19 n 
curi 
zone 


casi 
at re 
nate 
fuga 
teris 
alco 
solu 
the 
proc 
paln 
ture 
obte 
yses 





rrier 
d in 
that 
itely 
tha- 
eum 


sine 


(4), 


iis. 





‘osine 





5 
15 


with 
sate 
uri- 
's of 
‘oly- 
red. 
pure 


hus, 
only 
rial, 
ions 


Lory, 





I. ZABIN AND J. F. MEAD 273 


(Table I). The elementary analysis of this compound was as follows: 


CooHy1O3;N. Calculated. C 69.93, H 12.03, N 4.07 
Found. “ 69.87, “ 12.01, “ 4.04 

After elementary and isotope analyses, 65 mg. of pure N-acetyldihydro- 
sphingosine remained. 70 mg. of carrier were added, and after alkaline 
hydrolysis 117 mg. of dihydrosphingosine were isolated. 

Preparation of Sphingosine Derivatives from Carcass Sphingolipide—5 gm. 
of beef brain sphingolipide were added as carrier to 1.3 gm. of the active 
material obtained as described above. The mixture was hydrolyzed with 
80 ml. of 2 N methanolic HCl, and 1.1 gm. of sphingosine sulfate were 
obtained by appropriate treatment of the hydrolysate. This material was 
converted to the free base, hydrogenated in the presence of Adams’ catalyst, 
and treated with benzoyl chloride in pyridine (4). The resulting crude 
tribenzoyldihydrosphingosine, which weighed 830 mg., was purified by sev- 
eral recrystallizations from ethanol. The activities and melting points on 
recrystallization are shown in Table I. 

CywHw»OsN. Calculated. C 76.31, H 8.38, N 2.28 
Found. “76.21, “8.47, “223 

To 735 mg. of tribenzoyldihydrosphingosine were added 365 mg. of car- 
rier N-acetyldihydrosphingosine. The mixture yielded 499 mg. of dihy- 
drosphingosine after alkaline hydrolysis. 

Degradation of Brain Dihydrosphingosine—Periodate oxidation of 112 mg. 
of dihydrosphingosine was carried out in the manner described by Carter 
et al. (5) to yield formaldehyde (C-1), formic acid (C-2), and palmitalde- 
hyde (C-3 to C-18). 15 mg. of the dimethone derivative of formaldehyde, 
19 mg. of barium carbonate obtained by oxidation of formic acid with mer- 
curiec acetate, and 46 mg. of once recrystallized palmitaldehyde semicarba- 
zone were isolated. 

Direct oxidation of 42 mg. of the semicarbazone was carried out by oc- 
casional shaking of a suspension of the material in alkaline permanganate 
at room temperature over a 12 hour period. After the excess permanga- 
nate was reduced with alcohol, manganese dioxide was removed by centri- 
fugation. The solution was acidified and the petroleum ether-soluble ma- 
terial was removed and dried. The acid was dissolved in alkaline aqueous 
alcohol, and the solution was extracted with ether. After acidification the 
solution was again extracted with ether to obtain the acid. Repetition of 
the partitions was necessary before purification was achieved. The final 
product, 8.6 mg., took up the theoretical amount of alkali expected for 
palmitic acid. Carrier palmitic acid, 30.9 mg., was then added, the mix- 
ture was converted to the silver salt, and the carboxyl carbon atom was 
obtained by decarboxylation with bromine (6). Results of isotope anal- 
yses are shown in Table II. 
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Degradation of Carcass Dihydrosphingosine—Periodate oxidation of 485 
mg. of dihydrosphingosine was carried out as described above. Carbon 
atom 1 was again isolated as formaldehyde dimethone. The palmitalde- 
hyde obtained from this sample was immediately oxidized with permanga- 
nate in acetone to yield 220 mg. of crude reaction product. Attempts to 
purify the acid by extraction with petroleum ether or ether from alkaline 
and acid solutions were unsuccessful. After several series of partitions, 
the fatty acid was still contaminated with neutral material. The impure 
material was therefore converted directly to the silver salt and then thor- 
oughly washed with methanol and ether. The yield of silver salt was 69 
mg. The identity of this silver salt with silver palmitate was demonstrated 
by isolation of 36 mg. of pentadecyl bromide from the reaction mixture 
after decarboxylation with bromine. The observed melting point was 
16.5-17.0°; the reported is 14-15° (7), 18.0-18.4° (6). The methanol and 
ether washings were combined, the solvent was removed, and the solid, 
presumably the trimer of palmitaldehyde or unchanged aldehyde, was oxi- 
dized with chromic acid (8) to yield acetic acid (C-17 and C-18) which was 
isolated and purified as the silver salt. The results of isotope analyses 
are shown in Table III. 

Isotope Analyses—Formaldehyde dimethone was plated directly. All 
other samples were counted as BaCQ; in planchets of 4.71 sq. em. and 
were corrected for self-absorption (9). Combustion of silver acetate was 
carried out by the method of Van Slyke and Folch (10); all others were 
performed with a microcombustion furnace at 900°. 


RESULTS AND DISCUSSION 


The natural occurrence of dihydrosphingosine in animal brain and spinal 
cord has been established by Carter et al. (4). Separation of dihydro- 
sphingosine from sphingosine is difficult, and particularly so on the small 
scale employed in these experiments. Dihydrosphingosine, however, rep- 
resents only a small percentage of the sphingosine fraction of brain. It 
is probable, therefore, that labeled sphingosine obtained from brain sphin- 
golipide in this study as the triacetyl derivative (Table I) is primarily the 
unsaturated compound. Since it can reasonably be assumed that the 
mechanism of biosynthesis is the same for both sphingosine and dihydro- 
sphingosine, it is clear from the data in Table I that acetate is a precursor of 
sphingosine. Furthermore, fatty acids isolated from the same brain sphin- 
golipide fraction as triacetylsphingosine were found to have a specific activ- 
ity of 805 c.p.m. per mg. of C, a value very close to 620 c.p.m. per mg. of 
C calculated for sphingosine itself. These results suggest that the rate of 
biosynthesis of these compounds is similar under these conditions and that 
a large part of the sphingosine molecule is derived from acetate. 
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In order to determine the distribution of tracer, sphingosine was con- 
verted to dihydrosphingosine and the molecule was split with periodate. 
Results of degradation of brain dihydrosphingosine (Table II) reveal the 
interesting fact that neither carbon atom 1 nor 2 of this compound origi- 
nates from the carboxyl carbon of acetate and that all of the radioactivity 
is accounted for in the remainder of the molecule (palmitaldehyde). Car- 
bon atom 3 was found to have a specific activity approximately equal to 
that in palmitaldehyde. The value of 100 c.p.m. per mg. of C obtained 
for this carbon atom, however, is subject to a wide error for the following 
reasons: (1) the observed activity before correction for dilution was only 
about 50 per cent above the background of the counter, making the ob- 
served count less reliable, and (2) a small error in the determination of 
purity and in dilution would be magnified in the final calculated result. 


TaBLe II 
Isotope Content in Brain Dihydrosphingosine and Degradative Products 


Fraction Activity 


c.p.m. per mg. C 


Dihydrosphingosine. . er Cee eS eM rea 85 
Formaldehyde (C-1).. bes ea a ee eror ees 0 
SN MN I 2 a hc os x5 hts Seiten ce ee ees 0 
Palmitaldehyde* (C-3 to C-18) eee - - 95 


Carboxyl of palmitic acid} (C-3). .....................eeee- 100 


* Calculated from the activity observed for palmitalsemicarbazone. 
t Corrected for dilution. 


In view of the results obtained for C-3 of the dihydrosphingosine isolated 
from the carcass, the value of 100 ¢.p.m. per mg. of C for C-3 of brain 
dihydrosphingosine must be assumed to be low. 

Results of degradation of carcass sphingolipide are shown in Table III. 
In this case, the carboxy! carbon of the palmitic acid moiety was found to 
have a specific activity approximately twice that of the pentadecyl bro- 
mide, a result to be expected if these carbon atoms are derived by a con- 
densation of a 2-carbon derivative of carboxyl-labeled acetate (11). The 
activity in silver acetate, carbons 17 and 18 of dihydrosphingosine, about 
60 per cent of that in pentadecyl bromide, indicates that the tracer is dis- 
tributed in every odd carbon atom from 3 to 17. A slight degree of asym- 
metry in the distribution of label along the chain has previously been noted 
under some conditions of fatty acid synthesis from acetate (12). It is 
clear from the observed distribution of isotope that carbon atoms 3 to 18 
of sphingosine may be derived from a fatty acid or a fatty acid-like inter- 
mediate. 
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The precursor of carbon atoms 1 and 2 of sphingosine must be a com- 
pound which is not in equilibrium with the carboxyl carbon of acetate. 
On the basis of similarity of structure the tentative hypothesis may be 
advanced that ethanolamine is the source of this part of sphingosine. This 
suggestion is consistent with the data obtained, since neither carbon atom 
of ethanolamine can originate from the carboxyl carbon of acetate. The 
conversion of acetate to ethanolamine involves as the first step the forma- 
tion of pyruvate via the Krebs cycle. The tracer in the carboxyl position 
of acetate will appear through these reactions only in the carboxyl position 
of pyruvate (13). Pyruvate apparently can be converted to serine by a 
reaction mechanism in which the isotope at the carboxyl position of the 
keto acid is found in the carboxyl carbon atom of serine (14-16). Decar- 
boxylation of serine as the final step in this reaction sequence yields ethanol- 


TABLE III 


Isotope Content in Carcass Dihydrosphingosine and Degradative Products 





| 
Fraction Activity 





| c.p.m. per mg. C 


DTV GROMPMUAGONING os 5 ooo on oc cee caw ceessceesevenceces 90 
CE | 0 
Carboxyl of palmitic acid (C-3)............0.00 000000000. 270 
Pentadecyl bromide (C-4 to C-18).......................... | 115 
Silver acetate (C-17 and C-18)........................005.. 70 





amine, which does not contain the tracer (17-18). Investigations to test 
the tentative hypothesis that the carbon atoms of ethanolamine and a 16- 
carbon fatty acid are utilized in the biosynthesis of sphingosine are now 
being carried out in this laboratory. 


The authors are indebted to Miss Aniko Gaal for expert technical as- 
sistance. 


SUMMARY 


Carboxyl-labeled acetate was administered to weanling rats. Deriva- 
tives of sphingosine isolated from the brain and carcass were found to con- 
tain the tracer. Degradation of the dihydrosphingosine derivative re- 
vealed that carbon atoms | and 2 contained no tracer. The distribution 
of isotope in the remainder of the compound was consistent with the sug- 
gestion that a 16-carbon fatty acid-like intermediate is involved in the 
biosynthesis of sphingosine. The possible utilization of ethanolamine for 
carbon atoms 1 and 2 is discussed. 
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STUDIES ON SUCCINOXIDASE INHIBITION 


I. PPEUDOIRREVERSIBLE INHIBITION BY A NAPHTHOQUINONE AND 
BY ANTIMYCIN A 


By ARNOLD E. REIF anp VAN R. POTTER 


(From the McArdle Memorial Laboratory, Medical School, University of Wisconsin, 
Madison, Wisconsin) 


(Received for publication, February 9, 1953) 


Antimycin A is a new antibiotic (1) that is of considerable interest be- 
cause of its high activity as an inhibitor of a component of the cytochrome 
system (2-4). The new compound can be classed as a pseudoirreversible 
inhibitor according to criteria previously discussed (5, 6). The purpose 
of the present paper is to report further data to define the operational 
criteria by which a pseudoirreversible inhibitor may be recognized. The 
action of antimycin A has been compared with that of one of the most 
potent naphthoquinones known to affect the succinoxidase system (7), in 
which it appears to affect the same component (8) that is blocked by anti- 
mycin A. The comparison is of interest because of striking differences in 
the effective concentrations of the two inhibitors and in their ability to 
react with proteins other than the enzyme under study. 


EXPERIMENTAL 


All the experimental work reported is based on the measurement of 
oxygen in a conventional Warburg apparatus at 38°. The test system has 
already been described (3). Unless otherwise stated, results are recorded 
as the mean of three 10 minute periods. 

Rat serum was obtained by centrifuging the pooled blood collected 
after decapitation from several 200 to 250 gm. male albino rats. Fresh 
samples of pooled human sera were obtained from the clinical laboratory 
of the University Hospitals. 

Human serum y-globulin and albumin showing only one boundary on 
electrophoresis at pH 8.6, 8-lactoglobulin crystallized four times, and oval- 
bumin crystallized six times were donated by Dr. H. F. Deutsch. The 
urease was a commercial preparation manufactured by the Arlington 
Chemical Company, and the crystallized bovine serum albumin was the 
product of the Armour Laboratories. Cytochrome c was donated by E. R. 
Squibb and Sons through the courtesy of Dr. Asger Langlykke. The 
antimycin A was a chromatographically pure crystalline material donated 
by Dr. F. M. Strong. The naphthoquinone with the code name SN-5949 
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or M-285 was donated by Dr. E. G. Ball and was a crystalline compound 
with the following structural formula. 


O 
OH 


CH; 


CH:—CH—(CH:);—CH; 
O 


Ethyl alcohol solutions of the naphthoquinone and antimycin A were 
used in such strength that not more than 0.06 ml. was added to each War- 
burg flask, and an equivalent quantity of pure alcohol was added to control 
flasks. Dilute solutions were stored at 3—4°; the naphthoquinone solution 
was discarded after 24 hours and the antimycin A solution after 10 days, 


Results 
Titrating Effects in Succinoxidase System 


Effect of Variation of Tissue and Inhibitor Concentration—The effect of 
the naphthoquinone SN-5949 on the succinoxidase system was studied 
according to the previous procedure (5). The usual experiment involved 
seventeen flasks arranged as shown for the representative experiment re- 
corded in Fig. 1. The values of oxygen uptake at any single inhibitor 
concentration fall on a straight line parallel to the line through the control 
points These data establish the “irreversible”? behavior of the naphtho- 
quinone according to the test proposed by Ackermann and Potter (5), and 
show that, under the conditions of this experiment, the naphthoquinone 
has the effect of titrating the succinoxidase activity of the heart homogen- 
ate. From such a graph it is not possible to decide whether the inhibition 
is irreversible or pseudoirreversible (5), and this question must be answered 
by other means, as will be shown. It is of interest to compare the data 
in Fig. 1 with those obtained in similar experiments with other substances. 
The same type of data was obtained earlier with quinone and with copper 
sulfate (5) and with tetraethyl pyrophosphate acting on choline esterase (9). 
With antimycin A the data did not yield this type of plot (Fig. 1 of Potter 
and Reif (3)) since small amounts of inhibitor produced no inhibition at 
all, while above a critical level the loss of enzyme activity was very pro- 
nounced with small increments of inhibitor. 

Enzyme-Titrating Effects—The enzyme-titrating action of antimycin A 
and of the naphthoquinone is clearly brought out in Figs. 2, a and 2, b. 
To obtain the values shown, a straight line having one-half the slope of the 
control line and passing through the origin was drawn on graphs such as 
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Fig. 1. Where this line intersected the lines representing the effect of var- 
jous concentrations of inhibitor, the tissue concentration was read off the 
L axis. 
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Fic. 1. Effect of SN-5949 on the oxygen uptake in the succinoxidase system with 


rat heart homogenate as the source of enzyme. 
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Fic. 2. Relationship between the quantity of rat heart homogenate and the quan- 
tity of inhibitor required to produce 50 per cent inhibition of its succinoxidase ac- 
tivity. Each line represents data from a separate experiment. a, inhibitor, anti- 
mycin A; b, inhibitor, SN-5949. 


Fig. 2, a shows that a direct proportionality exists between the quantity 
of antimycin A added and the quantity of heart tissue inactivated. The 
same result was obtained with homogenates of kidney, liver, brain, skeletal 
muscle, spleen, lung, thymus, and Flexner-Jobling tumor, but, since the 
titer varied from one tissue to another, the slope of the line was different 
for each tissue (6). 
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Naphthoquinone Binding by Cytochrome c—The fact that the equivalent 
plot for the naphthoquinone (Fig. 2, 6) did not pass through the origin 
indicated that a non-tissue component of the succinoxidase system had 
bound or inactivated a quantity of inhibitor corresponding to the intercept 
on the y axis. Experiments to identify this component were made by 
varying each component of the succinoxidase system individually both 
in the presence and absence of inhibitor, all other components being kept 
constant. The active component appeared to be cytochrome c, since the 
intercepts, shown in Fig. 2, b, could be increased by raising the level of 
cytochrome c in the system and could be decreased to zero by omitting 
cytochrome c from the system. The latter experiment was feasible because 
in rat heart homogenates the endogenous cytochrome c permits a rate of 
oxidation 35 per cent of the maximum obtainable with excess cytochrome 
c, although less than 1 per cent as much cytochrome is present in the flask. 

Determination of Inhibitor Titers—The foregoing results show that the 
degree of inhibition produced by antimycin A or SN-5949 cannot be ex- 
pressed solely as a function of the molarity of the inhibitor in the reaction 
system, since inhibition is dependent upon the absolute amount of both 
inhibitor and tissue (or rather enzyme contained therein). Hence both 
these quantities must be specified in order for a statement of the percentage 
inhibition to have real significance. One method of expressing the effec- 
tiveness of these inhibitors in a single figure that takes into account both 
inhibitor and tissue concentrations is to use the finding that the amount 
of inhibitor required to inactivate 50 per cent of the enzyme is proportional 
to the amount of tissue. The ratio of inhibitor to tissue or “titer” is 
equal to the slope of the straight lines in Fig. 2. This method of expressing 
the results has the additional advantage of eliminating the effects of any 
non-tissue components (such as added cytochrome c) that interfere with the 
inhibition of the tissue. Mean figures for two or more determinations of 
inhibitor “titers” for four different rat tissues are given in Table I. 

The data in Table I show that the amount of SN-5949 required to pro- 
duce 50 per cent inhibition in a given tissue is from 7 to 50 times greater 
than the amount of antimycin A, and this raises the question as to whether 
there is a different stoichiometry for the two substances with respect to 
the enzyme titrated. Past work has shown that the antimycin A titers of 
different rat tissues vary roughly in proportion with the succinoxidase 
activity (3). This finding is borne out by the ratios of antimycin A titer 
to succinoxidase activity recorded in Table I. If a value of 1.00 is arbi- 
trarily assigned as the ratio for heart, the ratios for the other tissues lie 
within 21 per cent of this value. On the other hand, a similar ratio for 
SN-5949 is seen to increase progressively as the enzyme content of the 
tissue decreases, suggesting that this inhibitor is bound by non-specific 
tissue factors, as well as by the succinoxidase factor that it inhibits. The 
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present indication that the naphthoquinone has a greater tendency than 
antimycin A to react with proteins other than the enzyme under study 
may help to explain the differences between the susceptibility of succinoxi- 
dase to naphthoquinones in the various test systems employed by other 
investigators (7, 8). That the naphthoquinone has a higher affinity for 
other proteins than does antimycin A is further indicated by experiments 
involving serum albumin, reported below. 





TaBLe I 
Relationship between Succinoxidase Activity and SN-5949 or Antimycin A Titers of 
Rat Tissue 
Succinoxi- 
dase P Ratio,t 
tivity, ul. . : Ratio,t Starry 
Tissue “Os per 10 wt 2 = antimycin A = oe 
yy as succinoxidase|  O\tG ase 
tissue 
RRR eee Poet ey re) eee 176 7.2 53 1.00 1.00 
Liver . rae ; “oes - 68 2.2 40 0.79 1.95 
eye se ee eee 11.5 0.57 14 1.21 4.04 
Walker carcinosarcoma No. 256.. 7.2 0.28 14 0.95 6.47 




















* Micrograms of inhibitor required to produce 50 per cent inhibition of succinoxi- 
dase activity of 1 gm. of wet tissue. 

+ The value for heart is set at 1.0 and the values for the other tissues are rela- 
tive to that for heart. 


Reversal of Succinoxidase Inhibition 


In the course of experiments with antimycin A in vivo reported elsewhere 
(6), it became necessary to assay for the antimycin A content of serum 
from rats injected intraperitoneally with antimycin A. This was accom- 
plished by noting the inhibitory effect obtained by adding increasing 
amounts of serum to Warburg flasks containing all the additions for the 
succinoxidase assay. It was found that serum from an injected animal 
produced results similar to those obtained with a solution of pure anti- 
mycin A, except that increasing amounts of serum would not reduce the 
succinoxidase activity appreciably below 20 per cent of the control value, 
irrespective of how much serum was added. This raised the possibility that 
rat serum might be binding antimycin A and suggested the further experi- 
ments described below. 

Effect of Normal Rat Serum—Three series of Warburg vessels, containing 
increasing quantities of antimycin A, were assayed for succinoxidase ac- 
tivity without added serum, with 0.15 ml. and with 0.30 ml. of normal rat 
serum per flask; a typical experiment gave the results shown in Fig. 3, a. 

The relative binding capacity of the serum for antimycin A is measured 
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by the difference between the quantities of antimycin A required to pro. x 1¢ 
duce 50 per cent inhibition of the succinoxidase activity in the presence | and ( 
and in the absence of rat serum. The data of Fig. 3, a yield values of 3.4 | simil: 
X 10-* gm. (i.e. 6.7 X 10-* gm. minus 3.3 X 10-* gm.) of antimycin A | of an 
per 0.15 ml. of serum and 7.1 X 10-* gm. (i.e. 10.4 X 10-* gm. minus 33 Th 
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Fig. 3. Graded protection afforded by 0.15 ml. or 0.30 ml. of normal rat serum with 
against the toxicity of inhibitors of the succinoxidase system, with rat heart ho- 
mogenate (6 mg. per flask) as the source of enzymes. a, inhibitor, antimycin A; ), star’ 
inhibitor, SN-5949. Sami 
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xX 10-* gm.) of antimycin A per 0.30 ml. of serum, or, respectively, 0.23 
and 0.24 y of antimycin A per ml. of serum. Three more experiments gave 
similar results and yielded a mean value of 0.31 y per ml. for the binding 
of antimycin A by normal rat serum. 

The data in Fig. 3, a suggested that the effect of the rat serum might be 
to form a dissociable complex with the antimycin and raised a question as 
to whether the results might be due to a competition for the inhibitor 
between serum proteins and the enzyme. In order to determine whether 
the serum could cause the dissociation of the inhibitor from already in- 
hibited enzyme, 0.3 ml. of normal rat serum was tipped into Warburg 
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Fic. 4. Effect of tipping a solution containing 6 mg. of human serum albumin 
into Warburg flasks containing the necessary components of the succinoxidase sys- 
tem and various amounts of inhibitor, 10 minutes after readings were begun. a, in- 
hibitor, antimycin A; b, inhibitor, SN-5949. 


vessels containing graded levels of antimycin A that caused strong suc- 
cinoxidase inhibition as evidenced by low initial oxygen uptake. Rapid 
reactivation of the succinoxidase activity took place in flasks into which 
normal rat serum was tipped. 

Effect of Human Serum Albumin—Fig. 4, a shows the results of such an 
experiment, except that in this case the 0.3 ml. of normal rat serum con- 
tained in the side arm was replaced by a solution of 6 mg. of crystalline 
human serum albumin. Practically complete reactivation was obtained in 
the flask containing the lowest level of antimycin A employed, namely, 50 
mugm. The final values for the rate of oxygen uptake in the flasks of 
Fig. 4, a were very nearly identical with the rate of oxygen uptake obtained 
with a duplicate set of flasks to which serum albumin was added before the 
start of the experiment. In experiments of the type shown in Fig. 3, a, the 
same final results could be obtained irrespective of whether whole serum 
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or serum albumin was present initially, or whether these components were 
added during the course of the reaction. The capacity of human serum 
albumin to bind antimycin A was determined in two experiments at 11.1 
and 9.8 y per gm., with a mean value of 10.4 y per gm. 

Determination of Active Constituent of Serum—To determine which of 
the constituents of rat serum was active in binding antimycin A, a number 
of serum proteins and other proteins were tested for their capacity for 
causing a reversal of antimycin A inhibition. The basis of the test system 








TABLE II 
Reversal of Antimycin A Inhibition of Succinoxidase Activity by Various Sera and 
Proteins 
Addition* Per “a 
I ca Bg ed As 6 cinta cc ackd nat inaad aus : oe 100 
60 mugm. antimycin A................. +o i Se a 5 
60“ re ** + 0.3 ml. human serum ere 92 
60“ ” “ 4+ 03 “ rat serum...... : 84 
60“ si “ +0.3 ‘ heated rat serum...... 18 
60“ ” “* + 0.1 um human serum albumin. . 88 
60 <“ 4 “ #01 * “" ‘« ye-globulin. .. 5 
60 =“ ie “ +(0.1 ‘ bovine ‘ albumin " 51 
tig - “ 4+ 0.1 ‘ B-lactoglobulin 2 
60 “* = “ + 0.1 ‘ ovalbumin... 4 
60“ = “ + 0.1 “ urease. 4 








* Additions were made before the start of oxygen uptake readings. Data of the 
type shown in Fig. 4 yield the same final per cent inhibition as is given by experi- 
ments in which the protein was added before the measurements began. 

¢ The control succinoxidase activity was depressed 4 per cent by 0.1 um of B-lacto- 
globulin and 17 per cent by 0.1 um of urease. The addition of the other serum pro- 
teins or sera at the above concentrations varied the control activity no more than 
+2 per cent. 


for such an assay is given by the experiments recorded in Fig. 4, a, which 
show that the addition of serum albumin produced practically complete 
reactivation of the succinoxidase in a system containing the lowest con- 
centration of antimycin A that was effective in the absence of serum 
albumin (see Fig. 3). Table II shows that of the proteins tested under 
these conditions only serum albumin was active in reversing the antimycin 
A inhibition, human serum albumin being more active than bovine serum 
albumin. These results are in substantial agreement with the general 
findings with numerous other systems, that albumin is the active binding 
component of plasma (10). 

In order to determine whether serum albumin was the main factor re- 
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sponsible for the effect observed with human sera, the antimycin A-binding 
capacity of whole human sera, which had been analyzed for albumin, was 
compared with the antimycin A-binding capacity of pure serum albumin. 
Two experiments with samples of mixed whole human serum indicated that 
88 and 81 per cent, respectively, of the antimycin A bound by the whole 
sera could be accounted for in terms of its albumin content. It is concluded 
that the binding capacity of whole human serum for antimycin A is due 
mainly to its content of serum albumin. 

Reversal of Naphthoquinone Inhibitions—These results were interesting 
in the light of the findings of Heymann and Fieser (11) that naphthoqui- 
nones are bound by human and animal plasma, the albumin fraction being 
the most active in this respect, and that succinoxidase inhibition produced 
by naphthoquinones could be reversed by suitable additions of sera. When 
the experiments performed with antimycin A were repeated with suitable 
levels of the naphthoquinone SN-5949, the results recorded in Figs. 3, b 
and 4, b were obtained, which show that, in comparison with antimycin A, 
a far larger quantity of the naphthoquinone is bound by rat serum and by 
human serum albumin. The mean value for the binding of the naphtho- 
quinone by rat serum, as determined in two experiments, was 240 y of 
SN-5949 per ml. of rat serum, or 770 times larger than the corresponding 
figure for antimycin A. The mean value for human serum albumin, as 
determined in three experiments, was 7.8 mg. of SN-5949 per gm. of human 
serum albumin, a figure that is 750 times larger than the corresponding 
figure for antimycin A. 

In addition to giving indisputable proof of the reversibility of the binding 
between either of the inhibitors and the enzyme components, Figs. 3 and 4 
show that the complexes with serum albumin are also reversible. In 
both cases the data are provided by experiments in which two proteins are 
present, one of which has a catalytic property. Fig. 4 shows that the 
addition of albumin rapidly removes the inhibitors from the enzyme. If 
this removal depended on irreversible combination with the albumin, the 
data in Fig. 3 could not be obtained, for in this case the curves showing the 
effect of serum additions would be parallel to the curves showing the effect 
with no serum, except that they would be displaced to the right by a dis- 
tance equal to the amount of inhibitor bound. The affinity of either the 
albumin or the enzyme for these inhibitors is so high that either combina- 
tion might be judged to be irreversible were it not for the data obtained in 
the presence of the competing protein. This operational approach is the 
essential contribution of the present study (cf. (10)). 


DISCUSSION 


A pseudoirreversible inhibitor exhibits two characteristic properties (5, 
6). The first is its titrating, z.e. irreversible, behavior in a given enzyme 
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system (5, 6).1_ The second is reversibility as shown by any technique that 
may be effective, but especially by adding to the system a new component 
that has sufficient affinity for the inhibitor to enable the added component 
to compete effectively for the free inhibitor and thereby facilitate the dis- 
sociation of the enzyme-inhibitor complex (3, 5, 6). In the present study 
serum albumin has proved highly effective for this purpose for both anti- 
mycin A and the naphthoquinone (cf. (10)). 

It had been previously established (2, 3, 6) that antimycin A behaved as 
an irreversible inhibitor in the titration test of Ackermann and Potter (5) 
and that the inhibition produced by the naphthoquinones could be reversed 
by serum albumin (11). It had not been established (a) that the inhibition 
produced by antimycin A could be reversed by serum albumin, or (6) 
that the naphthoquinones had a titrating effect so that the per cent inhibi- 
tion was strongly affected by the amount of tissue used in the test. The 
titration test is carried out by employing several levels of tissue and of 
inhibitor and plotting activity (7.e., rate) against the amount of tissue. It 
is of interest to note that the amount of antimycin A required to produce 
50 per cent inhibition of the enzyme in a given tissue is directly propor- 
tional to the amount of tissue used, and the same behavior is shown by the 
naphthoquinone in the absence of externally added cytochrome c. How- 
ever, the amount of the naphthoquinone required is in all cases many times 
greater than the amount of antimycin A required. 

The data now make it clear that both of these inhibitors exhibit irre- 
versible behavior in the titration test, but that both can be reversed by 
the addition of an appropriate new component, in this case serum albumin, 
to the test system. These data are supported by the finding that, in the 
case of antimycin A action in vivo, homogenates containing high dilutions 
of inactive enzyme can be readily reactivated by adding serum albumin to 
the test system (6). These findings establish the meaning of the term 
pseudoirreversible as first introduced by Ackermann and Potter (5), and 
in addition they show that there is a need for such a term. While one could 
refer to the “irreversible” behavior of these inhibitors if the titration data 
were all that were available, it would be difficult to do so in the light of 
the reversible behavior that is seen when serum albumin is introduced 
into the system. Scientific usage for the word pseudo is well established 
and is based in all cases upon the designation of a property that seems 
appropriate by one criterion but which can be shown by additional tests 


1 The enzyme-titrating property of antimycin A is of interest in connection with 
the studies of Chance (4), who in a personal communication (October 20, 1951) calcu- 
lated that the amount of antimycin A required for complete inhibition of his succin- 
oxidase preparation was approximately one-half the estimated content of cyto- 
chrome }, yielding a 1:1 relation if the inhibitor could form a complex with 2 iron- 
containing molecules. 
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not to be the true designation of the property. Merely to refer to them 
as reversible would be to conceal the fact of their irreversible behavior in 
the titration test.? 

The significance of the irreversible behavior in the titration test is that, 
when acting in the whole organism, the action on any given tissue will 
depend not only upon the amount of the primary target enzyme, but upon 
the total amount of titratable components that it encounters in the given 
tissue and in other tissues. In the case of the pseudoirreversible inhibitor, 
in addition to the considerations noted above, it is clear that redistribution 
of the inhibitor between the several components in a given tissue and in 
the whole animal can occur in relation to their affinities for the inhibitor 
and their amounts. Moreover, if the compound can be metabolized or 
excreted. the inactive bound enzyme molecules can be reactivated without 
the necessity of their resynthesis, as we have shown in studies in vivo (6). 
The data of Table I suggest that a given level of inhibitor could be very 
effective against the succinoxidase in one tissue and completely ineffective 
in another tissue, and this also has been demonstrated in the whole animal 
(6). It is believed that the phenomenon of pseudoirreversible enzyme 
inhibition may be of considerable importance in explaining drug action 


(cf. (6)). 
SUMMARY 


1. Both antimycin A and the naphthoquinone SN-5949 exhibit irre- 
versible behavior in the titration test with the succinoxidase system. The 
amount of antimycin A required to produce 50 per cent inhibition of the 
enzyme is directly proportional to the amount of tissue used. This prop- 
erty also applies to the naphthoquinone SN-5949 in the absence of exter- 
nally added cytochrome c, which was shown to bind this inhibitor. 

2. The antimycin titer of four tissues was roughly proportional to suc- 
cinoxidase content, but the naphthoquinone titer was related to both suc- 
cinoxidase content and total protein content, indicating that the naphtho- 
quinone is bound by tissue proteins other than enzyme. 

3. Addition of serum albumin will rapidly reactivate the succinoxidase 
activity of systems inhibited by antimycin A or by the naphthoquinone, 
indicating that both inhibitors can be dissociated from the enzyme under 
these conditions. 


* Straus and Goldstein (12) have pointed out that, depending upon the relative 
magnitudes of the enzyme concentration and the inhibitor-enzyme dissociation con- 
stant, three types of behavior of non-competitive inhibitors could be expected. 
One of these was described as ‘‘a zone in which the reactants will appear to combine 
with each other stoichiometrically according to the law of definite proportions, al- 
though the reaction is still fully reversible (zone C).’? The present experimental 
data fully confirm these predictions for zone C behavior and indicate that the latter 
is identical with pseudoirreversible behavior. 
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4. On the basis of their irreversible behavior in the titration test and 
their reversible behavior, as shown by the treatment with serum albumin, 
both inhibitors are classified as pseudoirreversible. 


The authors gratefully acknowledge the helpful criticism of Dr. R. 
Alberty, who read the manuscript before publication. 
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THE AMINO ACID COMPOSITION OF T; BACTERIOPHAGE* 


By DEAN FRASER anp ELIZABETH A. JERREL 
(From the Virus Laboratory, University of California, Berkeley, California) 


(Received for publication, May 22, 1953) 


In recent years it has been generally accepted that the fundamental 
replicating material of living organisms is nucleoprotein. Viruses, being 
composed almost exclusively of nucleoprotein, appear to possess the poten- 
tiality for reproduction in its most isolated form. Hershey and Chase (1) 
have recently discovered that the basic reproducing unit of the bacterial 
viruses is probably not the entire nucleoprotein, but only its nucleic acid 
fraction, since on infection the sulfur-containing protein remains outside 
of the host and, once the nucleic acid has entered the bacterial cell, the 
protein can, in fact, be removed without altering the reproductive process. 
Most of the properties by which different strains of bacterial viruses are 
distinguished, morphology, host range, and antigenicity, are characteristics, 
however, of the protein which makes up the external coating of the phage. 
The protein is, then, biologically specific and characteristic for a given 
strain of virus. The present communication is concerned with the chemical 
consistency of the protein of the T; bacteriophage and with the demonstra- 
tion of its constancy of amino acid composition when the host cells are 
grown in media of different composition. 


Methods and Materials 


It is possible to obtain lysates of T; bacteriophage with titers of 3 to 
5 X 10" particles per ml. in batches of 6 liters by using the apparatus (2) 
previously described. Purification of such a lysate by differential cen- 
trifugation yields some 100 mg. of lyophilized T; virus which is ample for 
the chemical work necessary. 

The purified T; virus moved with a single boundary in the Spinco analyti- 
cal ultracentrifuge and in the Perkin-Elmer electrophoresis apparatus, in- 
dicating no more than very small amounts of contaminating material. 
The phage appeared uniform in the electron microscope, uncontaminated 
and essentially free from empty membranes (3). The count of infective 
units agreed with the direct count made in the electron microscope. All 
batches were prepared from a master stock of T; derived from a stock 
provided by M. Delbriick. The master stock and all purified batches 
were completely typical in behavior towards anti-T; rabbit serum and con- 
tained T; host range mutants in proportions only of the order of 0.1 per 


* Aided by a grant from The National Foundation for Infantile Paralysis, Inc. 
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cent. The final sample was dialyzed against 0.001 m MgSO, and lyo. 
philized. 

The amino acid analyses were carried out by means of a modification of 
the ion exchange procedure of Moore and Stein (4). Lyophilized T; was 
hydrolyzed in samples of 25 or 50 mg. by autoclaving the dried phage 
sealed in a test-tube containing 5 ml. of twice redistilled constant boiling 
hydrochloric acid for 18 hours at 18 pounds per sq. in. The hydrolysate 
was repeatedly evaporated to dryness in a bath at 45° under a stream of 
nitrogen to remove the excess acid. The brown residue was then dis- 
solved in 1.0 ml. of distilled water and centrifuged briefly at low speed to 
remove the black, grainy humin, which was rinsed twice with small amounts 
of distilled water. The supernatant material and washings were combined 
and made up to 3.00 ml. in a Misco microvolumetric flask. Samples of 
appropriate size (usually 2.5 or 5 mg. of protein) were applied to the ion 
exchange column, as described by Moore and Stein. 

We have found it most difficult to secure satisfactory blanks in the use 
of the Moore-Stein method. The most important single factor is the 
handling of the collection tubes. Great precautions are necessary in a 
laboratory where other work is in progress to prevent contamination of 
the tubes with casual ammonia. It is most important to keep the tubes 
covered with a pad impregnated with citric acid at all times except when 
they are in the collector. It is also desirable to protect the collector from 
ammonia by passing washed air through it and by minimizing the openings. 
In the preparation of the ninhydrin reagent, the citric acid must be selected 
from fresh stocks and all apparatus must be freshly washed. 

The hydrolysis procedure described above does not permit analysis for 
all amino acids; tryptophan and cysteine, for example, are lost and would 
have to be determined separately by some other method. 


RESULTS AND DISCUSSION 


The averaged results of a number of determinations of the amino acid 
content of T; bacteriophage are shown in Table I. The results of Polson 
and Wyckoff obtained by paper chromatography (5) for T, bacteriophage 
and for the host Escherichia coli are included for comparison. 

It is obviously necessary first to ascertain that the analytical method and 
the preparative techniques are reproducible and that a given strain of 
bacteriophage has a constant chemical composition. A number of in- 
dividual runs on the neutral and acidic amino acids (the basic amino acids 
are run separately and give similar reproducibility) are shown in Table II. 
In these results are included (a) replicate analyses of the same hydrolysis 
batch (Runs 6, 8, and 9), (b) different hydrolysis batches of the same lyo- 
philized T; sample (Run 2 versus Runs 6, 8, and 9), (c) different batches of 
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T; grown under the same conditions (Run 4 versus Runs 10 and 11), (d) 
batches of T; grown under quite different conditions, i.e. with glycerol 
plus hydrolyzed casein as a carbon source or with lactate as a sole carbon 
source (Runs 6, 8, and 9 versus 10 and 11). It is apparent that there are 
no systematic differences between results from these various runs. (Num- 
erous other experiments, incomplete for various technical reasons, such as 
breakdowns in the fraction collector, provide a considerable body of further 
corroboration.) 


TABLE I 


Amino Acid Composition of T; Bacteriophage Compared to Previously Reported 
Result for T, 


All figures are in per cent of the total recovery of amino acids. 

















hin a [amet | Trane | ets 
SS 5. BAEC ohig ale waelbae | 9.7 9.4 8.4 
ND 6 ond sid ora sap iady Su wise ae gree | 7.2 6.5 8.2 
Ne 11.7 12.0 9.6 
Glutamic ‘‘ *...... Pe Sey 10.5 | 12.0 9.6 
ae ee — 9.8 7.3 | 7.9 
Histidine........ + 1.7 | 2.6 3.3 
SS Ris ete s's'4 Saks , noel 9.8 | 6.5 8.7 
Ns SE paisa Asian | 4.9 3.9 4.6 
RR raat nada selenite wae Aas | 6.3 8.5 | 8.2 
NE aE 1.7 | 1.3 2.9 
Phenylalanine................... | 3.5 4.1 4.8 
SE er Pee ee 4.2 | 5.0 3.0 
EE ee ee ee 2.9 4.8 4.9 
NG Gains se kkirn since ein sun ube 5.3 | 7.0 5.3 
Tyrosine......... ee 4.2 | 3.7 4.3 
ppl ES red aR pepe | 6.6 6.5 5.0 





* All results for glutamic acid are corrected according to the procedure of Moore 
and Stein. 


The composition of the two media, providing different carbon and nitro- 
gen sources, is shown in Table III. That this is a significant change in 
condition is evidenced by the fact that despite considerable experimentation 
we have not been able to secure raw titers appreciably over 1 X 10" T; 
per ml. with the lactate medium, whereas 3 to 4 X 10" is the result with 
our normal glycerol-casein hydrolysate medium. Despite this, the T; has 
shown constant amino acid composition, lending support to the hypothesis 
that the genetically determined reproducibility of biological properties of 
the bacteriophage protein coat is a reflection of a reproducibility of chemi- 
cal structure, at least in so far.as amino acid composition is concerned. 
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It is not possible to make strict quantitative comparisons between the 
results obtained in this study for T; and the results obtained by paper 
chromatography for T, and £. coli, since the precision of the method used 
for the earlier analyses has not been closely defined (6). But the T, 
results, compared to the bacterial figures, do show, as do the T, data, a 


TaBie II 
Consistency of Amino Acid Composition of T; Bacteriophage from Various Batches 


The results are in per cent of the total recovery of acidic and neutral amino acids 
from the given run. 
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Amino acid Run 8 | Run 10 
Alanine......... | 11.7 | 11.2 | 11.3 | 11.8 | 11.3 | 11.5 | 1144 
Aspartic acid. ....... | 13.8 | 13.9 | 13.6 | 14.0 | 13.7 | 13.5 | 13.8 
Glutamic “ *.......) 12.3 | 12.5 | 12.4 | 12.3 12.4 | 12.3 | 12.3 
———..... | 11.9 1 41.7 | 11.5 | 11.7 | 11.6 | 11.6 | 11.4 
Leucine....... | 11.38 | 11.6 | 11.8 | 11.5 | 11.6 | 11.6 | 11.5 
Isoleucine..... ..| §.6 5.8 5.9 5.7 5.8 | 5.8 | 82 
Methionine. . | 24 1.9 1.9 1.9 2.1 1.8 2.2 
Phenylalanine... 4.2 4.3 4.3 4.1 4.0 3.9 3.8 
Proline. ......... 4.7 4.8 4.7 4.4 5.0 5.3 5.3 
| er 3.3 3.3 3.4 3.5 3.5 3.6 | 3.5 
Threonine..... 6.4 6.1 6.2 6.2 6.3 6.2 6.4 
Tyrosine......... 5.0 5.0 5.7 5.3 4.9 5.0 4.8 
Valine......... : OF a0 7.6 8.0 7.8 Fe 3 7.8 





* All results for glutamic acid are corrected according to the procedure of Moore 
and Stein. 


TaB_Le III 


Different Media Demonstrating Effect of Host Nutrition on Amino Acid Composition 
of Bacteriophage 








Ingredients Glycerol medium Lactate medium 
NaegHPO,........ ae eis wae ens ies 10.5 gm. 3.5 gm. 
KeHPO,. ... ; ; Rae woke a 
KH2PO,........ i, AU ae A candi Fe EL 4.5 ‘ 
PMN ERS ek GA dudes 26 .* Le: * 
MgSO,........ ; paca an 0.3 < 
CaCle (molar solution) 0.3 ml. 0.3 mi. 
Gelatin (1% solution) ne * 16 
Casamino acids 15.0 gm. 
Glycerol 30.0 “ 
Lactie acid (85% solution) 10.2 gm. 
KOH (50% solution) 8.2 ml. 











In each case 1.0 gm. of MgSO, was added with the bacteriophage inoculum. 
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very striking qualitative parallelism, which is further support for the now 
prevalent idea that the phages are synthesized by the normal metabolic 
processes of the bacterium with comparatively slight alterations. 


The authors wish to express appreciation of the help of Dr. M. Delbriick, 
who has provided phage and bacterial stocks and antisera at various times 
and who has on many occasions given freely of his time in discussions. 
They are also indebted to Dr. Robley C. Williams for the electron micro- 
scope observations and to Dr. H. K. Schachman for the studies in the 
ultracentrifuge and the electrophoresis apparatus. The criticisms of Dr. 
Gunther Stent have been most helpful in the preparation of the manuscript. 


SUMMARY 


Analysis of T; bacteriophage for amino acid content by ion exchange 
chromatography shows that the composition is constant under a variety of 
conditions, including alteration of the carbon and nitrogen sources of the 
host bacterium. Comparison of the results with the data previously pub- 
lished for T, bacteriophage and the host Escherichia coli shows a qualitative 
parallelism. 
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YIELDS OF OXIDATIVE PHOSPHORYLATION BY HEART 
MITOCHONDRIA* 


By GLADYS FELDOTT MALEY anp G. W. E. PLAUT 


From the Institute for Enzyme Research, University of Wisconsin, Madison, Wisconsin) 
(Received for publication, June 1, 1953) 


Although Belitzer and Tsibakova (1) demonstrated that phosphorylation 
of creatine is coupled with the oxidation of various substrates in minced 
heart muscle as early as 1939, most of the later work on oxidative phos- 
phorylation has been concerned with individual one-step oxidations by 
cell-free preparations from liver tissue. 

In 1950 Slater (2) suggested that all of the phosphorylations accompany- 
ing a-ketoglutarate oxidation by a heart preparation occurred below cyto- 
chrome c. Since he observed only a P:O of 2.3 with cytochrome c as well 
as with oxygen, he concluded that no more than three phosphorylations 
accompanied the oxidation of a-ketoglutarate by heart tissue. 

Since the preparation of mitochondria from heart muscle in good yield 
and form has been achieved, this paper summarizes results of a study of 
the phosphorylations accompanying the oxidation of various substrates by 
heart mitochondria. 


EXPERIMENTAL 


The enzyme preparation consisted of once washed guinea pig or rat heart 
mitochondria prepared in isotonic sucrose as previously described (3). The 
final mitochondrial sediment was made up to a final volume such that each 
Warburg vessel contained 1.0 to 1.5 mg. of mitochondrial nitrogen as 
determined by a direct nesslerization procedure. The following basic me- 
dium was employed: in the main compartment of the flask, 40 um of phos- 
phate buffer, pH 7.4, 30 um of MgSQ,, 0.03 um of cytochrome c, 6 um of 
adenosinetriphosphate (ATP), substrate, and 0.8 ml. of the mitochondrial 
suspension; in the side arm, 50 um of glucose and 0.05 ml. of purified yeast 
hexokinase ((4), Fraction 3a). The final volume was made up to 3.0 ml. 
with isotonic sucrose. 

Oxidation was measured by the conventional Warburg technique at 30°. 
After a 5 minute equilibration period, initial readings were taken and the 
side arm contents were tipped into the main compartment of the flask. A 
zero time flask was removed and enzymatic action was stopped by the 
addition of cold 10 per cent trichloroacetic acid. Oxidation was allowed 
to proceed in the remaining flasks for 10 to 20 minutes, depending upon 


* Supported in part by a grant from the United States Public Health Service. 
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the substrate being oxidized. The final readings were taken and the con- 
tents of the flasks were deproteinized as above. The flask contents were 
then analyzed for inorganic phosphate by the method of Lowry and Lo- 


pez (5). a-Ketoglutarate (KG) was determined by a modification of the — 


method of Friedemann and Haugen (6). In all cases experimental flasks 
were run in duplicate. P:O ratios were calculated from the phosphate 
disappearance and the concurrent oxygen consumption. P:KG ratios were 


calculated from the phosphate disappearance and the concurrent disappear- 
ance of substrate. 





TABLE I 

Phosphorylation Associated with Oxidation of a-Ketoglutarate to Succinate by Heart 

Mitochondria 
Species Flucride) ap | aO | AKG| P:0O | Limits of P:O| P:KG | 0:KG 

we | we | Sioims | ma 
Guinea pig.......... None } 25.1 | 7.39 | 7.75 | 3.40 | 3.12-3.88 | 3.24 | 0.95 
| ee etre Ts ¥ 22.65 | 8.22 | 7.97 | 2.76 | 2.30-2.94 | 2.84 | 1.03 
$F nodeonene nes oiccreh Ook, | ahek | C.88 16.86 | 3.28.) 2.97-8.66. | 3.381 1p 


























20 um of a-ketoglutarate, 30 um of malonate. Average mitochondrial N per flask, 
1.0 mg. Incubation at 30° for 10 to 20 minutes. The values cited represent the 
averages of five experiments for each case. 


Results 


Results of experiments designed to study the generation of high energy 
phosphate coupled with the single step oxidation of a-ketoglutarate to 
succinate by heart mitochondria are summarized in Table I. The data 
indicate that the oxidation of 1 mole of a-ketoglutarate to succinate is 
accompanied by the esterification of a maximum of 4 moles of phosphate. 
In addition to oxygen consumption, substrate disappearance was deter- 
mined in order to indicate the prevention of further oxidation of the suc- 
cinate, since the oxygen-a-ketoglutarate ratio should be 1 under these con- 
ditions. It was found that 15 um of malonate were sufficient to block the 
oxidation of a-ketoglutarate at the succinate level, but as a precaution 30 
uM were routinely added in order to insure a complete block. In all cases 
the O:KG ratio fell within the range 0.88 to 1.06. Slightly higher P:0O 
ratios were obtained when cytochrome c was added to the respiratory me- 
dium and when isotonic sucrose was used as diluent rather than isotonic 
KCl. Both cytochrome c and isotonic sucrose as diluent were therefore 
routinely used. 

An interesting difference appears to exist between guinea pig and rat 
heart mitochondria. As indicated in Table I, the oxidation of a-ketoglu- 
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tarate to succinate by mitochondria of guinea pig heart is accompanied by 
a maximal uptake of 4 moles of phosphate, even in the absence of added 
fluoride. In the case of rat heart mitochondria, however, the presence of 
fluoride was a prerequisite for obtaining equivalent P:O ratios. In the 
absence of fluoride the P:O ratio ranged from 2.30 to 2.94, whereas in the 
presence of fluoride the range was 2.97 to 3.65. Since fluoride primarily 
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MINUTES 
Fig. 1. Effect of time on the P:KG for the oxidation of a-ketoglutarate to suc- 
cinate. The numbers inside the graph refer to the P:KG at the particular time 
interval. Mitochondria from guinea pig heart were used. The composition of the 
medium was as in Table I, except that 50 um of phosphate buffer were present. 


functions as an inhibitor of adenosinetriphosphatase, these results would 
suggest that the ATPase of mitochondria from rat heart is more active 
than that from. guinea pig heart. 

There have been some suggestions that possibly the efficiency of phos- 
phorylation coupled with oxidation decreases with time. Average results 
of two experiments designed to test the effect of time on phosphorylation 
coupled with the oxidation of a-ketoglutarate are presented in Fig. 1. 
Oxygen consumption, phosphate esterificati and a-ketoglutarate dis- 
appearance were all fairly linear with time. The respective P:O ratios 
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for the indicated time intervals were consistent within the range 3.5 to 3.9. 
A slightly higher P:O ratio was obtained during the shorter time intervals 
of 5 and 10 minutes than for longer periods of time. The P:KG ratios 
ranged from 3.36 to 3.73. These results suggest that the phosphorylation- 
oxidation ratio is maximally 4 for the conversion of a-ketoglutarate to 
succinate. This conclusion is in agreement with studies with mitochondria 
from other tissues (7-11). 

Data are presented in Table II for the phosphorylations accompanying 
the oxidation of glutamate, succinate, fumarate, malate, and 6-hydroxy- 
butyrate by mitochondria from guinea pig heart. Although the oxidation 
of these substrates was not blocked by any specific agent in order to study 
a one- or two-step reaction, it can be assumed that most of the oxygen con- 


TaBLe II 


Phosphorylation Associated with Oxidation of Various Substrates by Mitochondria 
from Guinea Pig Heart 








Substrate ee 4P | AO | P:O | Limits of P:0 

| uM microatoms| | 
Ee een eee | 2 | 17.2 | 5.71 | 3.01 | 2.93-3.06 
Re ES eden | 2 | 10.0 | 5.41 | 1.85 | 1.79-+1.92 
RSS Ra ae | 1 | 18.3 | 4.23 | 3.14 | 3.12-3.19 
| RAIS aa re | 2 | 14.6 | 4.88 | 2.97 | 2.85-3.12 
8-Hydroxybutyrate............... | 2 12.4 | 4.94 2.51 | 2.37-2.56 


All substrates at a level of 20 um per flask except glutamate (60 um). In addition 
the oxidation of 8-hydroxybutyrate was initiated with 1 um of succinate. Average 
mitochondrial N per flask, 1 mg. Incubation at 30° for 10 to 15 minutes. 


sumption was due to the oxidation of the added substrate, since it would 
be in highest concentration and also since the incubation time was quite 
short. The maximal P:0O ratios for these substrates fell within the gen- 
erally accepted range of 3 for glutamate, fumarate, malate, and 6-hydroxy- 
butyrate and 2 for succinate (8, 11). 

Since evidence has been previously presented that acetate was oxidized 
via the Krebs cycle by heart mitochondria (3), it was of interest to deter- 
mine the relative efficiency of the accompanying phosphorylation. Aver- 
age results of four experiments are presented in Table IL]. These data 
suggest that the relative P:O ratio for acetate is above 2; if one assumed 
that 1 high energy phosphate bond equivalent is needed to activate acetate, 
the P:O ratio should be 2.75, while a theoretical value of 2.5 is obtained 
if 2 such bonds are required.!. Previous results had indicated that acetate 


! The calculation of the theoretical value for the complete >xidation of acetate is 
based on the assumption of the following values of P:O ratios for the individual steps 
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is completely oxidized at a substrate level of 5 um. However, at higher 
substrate concentrations there was a tendency for citrate to accumulate. 
In the event that citrate did accumulate, a lower P:O ratio would obtain, 
since ATP is required in the conversion of acetate to citrate (12). This, 
then, is a possibility in explaining the relatively low efficiency of phosphate 
esterification during acetate oxidation. 


DISCUSSION 


The present studies suggest that the metabolic efficiency of heart muscle 
mitochondria is the same as that of other tissues. In recent publications 
the vields of oxidative phosphorylation for a-ketoglutarate to succinate 
have been observed to have a maximal value of 3 for heart muscle mito- 
chondria (2, 13, 14). These results are at variance with the oxidative 
energy yields reported for other tissues (7-11). 








TaBLe III 
Phosphorylation Associated with Oxidation of Acetate by Mitochondria from Guinea 
Pig Heart 
Substrate es aP | 40 | P:O | Limits of P:0 
| uM | ndemnatethe ioe, 
SLA | 4 | 12 | 5.18 | 2.16 | 2.00-2.29 


20 um of acetate, 1 um of succinate. Average mitochondrial N per flask, 1.16 mg. , 





It is conceivable that the differences between the reported yields of 
oxidative phosphorylation and those of the present work can be explained 
by the difference of methods employed for preparations of heart particles. 
The importance of the effect of various procedures of tissue disintegration 
on the nature of mitochondria isolated has been discussed recently (15). 





of the Krebs cycle: isocitrate — a-ketoglutarate = 3; a-ketoglutarate — succinate 

= 4; succinate — fumarate (malate) = 2; malate — oxalacetate = 3; total = 12. 

Evidence has been presented (12) that acetic acid is activated as follows: CH;COOH 
O Oo O 


+ CoA + ATP — CH;C—CoA + AMP + HO—P—P—OH. It becomes apparent 
that, if a mechanism exists for the utilization of the phosphate bond energy of the 
formed pyrophosphate, the energy expenditure for the formation of acetyl coenzyme 
A will correspond roughly to about 1 high energy phosphate bond. Therefore, using 
the figure of 12 for the total ~PO, generated by the cyclic oxidation process, one 
subtracts 1, and, since the complete oxidation of acetate requires 4 atoms of oxygen, 
this corresponds to a P:O of 11/4 = 2.75. On the other hand, if the bond energy in 
pyrophosphate is not utilizable, e.g. if this compound is merely split to inorganic 
phosphate by a pyrophosphatase, then 2 high energy phosphate bonds would be 
required for the activation of acetate and the P:O ratio would be 10/4 = 2.5. 
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SUMMARY 


The one-step oxidation of a-ketoglutarate to succinate by mitochondria 
from guinea pig heart resulted in average P:O ratios of 3.4 in the absence 
of fluoride. With rat heart mitochondria average P:O ratios of 2.7 and 
3.3 were obtained in the absence and presence of fluoride respectively, 
The oxidation of glutamate, fumarate, malate, and 6-hydroxybutyrate gave 
P:0O ratios of 2.5 or higher, whereas the oxidation of succinate gave a P:0 
ratio of 1.8. The unblocked oxidation of acetate gave a P:O ratio of 2.2. 
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COFACTOR REQUIREMENTS FOR LIPOGENESIS* 


By JESSIE VAN BAALEN anp SAMUEL GURIN 
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(Received for publication, May 20, 1953) 


The incorporation of C'-labeled acetate into long chain fatty acids has 
been demonstrated in particle-free aqueous extracts derived from pigeon 
(1) and rat (2) liver. Although the extract derived from pigeon liver was 
shown to require the addition of citrate for maximal activity, no stimulation 
could be obtained with non-dialyzed extracts upon addition of diphospho- 
pyridine nucleotide (DPN), adenosinetriphosphate (ATP), Mg**, or other 
cofactors (1). After dialysis for 2 hours, which resulted in a loss of ap- 
proximately 70 per cent of the initial activity, it was possible to show some 
dependence upon DPN, ATP, and Mgt*. A stimulating effect by coen- 
zyme A (CoA) could not be demonstrated under these conditions. 

In an attempt to remove cofactors more efficiently, and with the hope 
that smaller losses of enzymatic activity would be encountered, the char- 
coal technique employed by Stadtman, Novelli, and Lipmann (3) was in- 
vestigated. By this means, CoA, as well as other nucleotide cofactors, was 
satisfactorily removed, and a dependency upon CoA, ATP, and DPN 
demonstrated. In several instances, addition of cofactors restored enzy- 
matic activity to nearly that of the original extract. 

In addition, experiments were designed to determine whether the water- 
soluble system incorporates labeled acetate into glycerides or primarily 
into free fatty acids. 


EXPERIMENTAL 


4 to 6 month-old pigeons (not forcibly fed with glucose) were sacrificed 
and the livers were homogenized in 0.1 M potassium phosphate buffer of 
pH 7.8 as previously described (1). Following removal of cell débris and 
nuclei, the mitochondria were centrifuged and lyzed immediately (2). All 
of the supernatant fluid obtained from the mitochondrial separation was 
added back to the lysate, and the resulting suspension was centrifuged at 
100,000 < g for 30 minutes to give an aqueous particle-free system. 

Incubations, isolation, and purification of fatty acids, as well as methods 
of estimating radioactivity, were carried out as previously described (1). 


* Aided by grants from the American Heart Association and the American Cancer 
Society administered by the Committee on Growth of the National Research Coun- 
cil. 
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In order to determine whether the C'*-labeled acetate was incorporated 
primarily into free fatty acids or into the glyceride fraction, water-soluble 
preparations from pigeon liver were prepared as previously described (1) 
and incubated with labeled substrate at 34° for 3 hours. The resulting 
mixture was then chilled to 0°, and cold 2 Nn KOH cautiously added to pH 
9. Carrier potassium palmitate and tripalmitin were then added, and the 
mixture extracted several times with ether. After washing the ether ex- 
tract successively with 1 per cent potassium palmitate, 1 per cent sodium 
acetate, and water, it was evaporated and the crude glyceride fraction 
plated directly on lens paper and assayed for radioactivity. The aqueous 
portion was chilled, acidified to pH 2, and extracted repeatedly with petro- 
leum ether. The combined petroleum ether extracts were washed with 1 
per cent acetic acid and water, then evaporated, plated, and assayed for 
radioactivity. Precipitation with copper lime (4) did not significantly alter 
the specific activity of the acid fraction. Control experiments also demon- 
strated that the purification procedure employed yielded an acid fraction 
which was free of radioactive acetic acid. 


Results 


Preliminary results with Norit A and Darco-activated charcoal indicated 
that they were equally effective in removing DPN from: aqueous solution. 
Previous washing with mineral acid appeared to have little effect on the 
adsorption of DPN. Darco-activated carbon was used in the experiments 
_ to be described. 

In each experiment a small portion of the water-soluble system was set 
aside as a control to which no charcoal was added. Since it was found 
that the activity of the control solution was frequently diminished by the 
addition of ATP, CoA, cysteine, or hexose diphosphate (HDP), no cofactors 
were added to the control. Although we are unable to explain these in- 
hibitory effects, it has been our experience that the water-soluble system 
contains variable quantities of DPN as well as glycogen. Occasionally 
the addition of either of these substances will increase the activity of the 
untreated system. 

In the experiments shown in Table I, the specified amount of charcoal 
was added to the water-soluble system. After thorough mixing, the sus- 
pension was allowed to stand for 1 hour at 0° with occasional stirring. 
The suspension was then centrifuged and the supernatant fluid subse- 
quently filtered to remove traces of charcoal. After treatment with char- 
coal (10 mg. per ml.), the addition of DPN to the system restored essen- 
tially all of the activity, while ATP showed a marked stimulating effect. 
When larger amounts of charcoal were employed, the stimulating effect of 
DPN and ATP was still obtained, but full activity could no longer be 
restored. 
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Incorporation of C'4-Acetate into Long Chain Fatty Acids by Charcoal-Treated 
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hours at 34°, and 20 mg. of palmitic acid carrier were added. 

* Incubated overnight. f 10 mg. of palmitic acid carrier added. 
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The method of Stadtman, Novelli, and Lipmann (3), involving four 
successive treatments with charcoal, permitted us to remove sufficient CoA 
from the enzyme system to demonstrate a marked dependence on CoA as 
well as on DPN and ATP. However, full activity could no longer be 
restored by the addition of DPN, ATP, CoA, and cysteine. This result 
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Fie. 1. Dependency of lipogenesis upon DPN, ATP, and CoA. Each curve repre- 
sents a separate experiment in which the concentration of all components except 
the one indicated remained constant. The complete system contained C"4-acetate, 
MgCl:, and citrate as in Table I, charcoal-treated water-soluble system 2.5 ml., 
DPN 4 X 10-‘m, ATP 2.5 X 10-* m, CoA 3 X 10-5 M, cysteine 0.01 m. Total volume 
3.0 ml. The acetate incorporation is shown as micromoles of NaAc incorporated 
per flask. 


Taste II 
Incorporation of C\4-Acetate into Long Chain Fatty Acids and Glycerides 


NaAc incorporated 














Experiment No. Fraction C.p.m. per mg. per 
uM 
1 Fatty acids 2290 4.75 
Glycerides 16 0.03 
2 Fatty acids 1995 4.05 
Glycerides 105 0.22 
3 Fatty acids 2075 4.32 
Glycerides 79 0.16 


Each flask contained 1-C**-sodium acetate (5.0 X 105 c.p.m. per mg. of C) 0.012 m, 
MgCl, 0.003 m, potassium citrate 0.01 m, water-soluble system 9.0 ml.; total volume 
10.0 ml. The flasks were incubated for 3 hours at 34°. After incubation 25 mg. of 
sodium palmitate and 25 mg. of tripalmitin were added. 
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may probably be attributed to losses of enzyme by adsorption, since esti- 
mation of the amount of total nitrogen present in the system before and 
after treatment with charcoal indicated a loss of about 30 per cent. This 
is roughly proportional to the loss of activity of the system; furthermore 
the ratio of micromoles of acetate incorporated to mg. of N per ml. re- 
mained nearly constant for several such preparations. 

The results obtained by supplementing such filtrates with increasing 
concentrations of DPN, ATP, and CoA are indicated in Fig. 1. No in- 
hibition was observed with any of these cofactors in the concentrations 
employed. ATP in concentrations as high as 0.004 m was found not to 
inhibit such preparations. 

That this system incorporates labeled acetate primarily into free fatty 
acids rather than into glycerides is indicated by the results shown in 
Table II. 


DISCUSSION 


Evidence has been reported (5-7) suggesting that lipogenesis may in 
some way be dependent upon simultaneous glycolysis. It is therefore 
difficult to dissociate the cofactor requirements of the fatty acid-synthe- 
sizing enzymes from those of the glycolytic system. Lynen et al. (8) have 
demonstrated that the conversion of acetyl CoA and acetoacetyl CoA to 
8-hydroxybutyryl CoA is DPN-dependent. A similar result has been ob- 
tained for the latter reaction by Stern, Coon, and del Campillo (9). Since 
Green and Mii (10), as well as Drysdale and Lardy (11), have demon- 
strated that DPN is implicated in the oxidation of fatty acids, it is a likely 
possibility that the synthetic process may involve a multiple requirement 
for DPN. 

It is not surprising to find that lipogenesis from acetate requires ATP 
and CoA in view of the evidence which is available on acetate-activating 
systems (12, 13). Again, ATP is also required for glycolysis. 

Lipogenic activity was observed after repeated treatment with charcoal 
even though no CoA was added. This suggests that at least some of this 
cofactor may be enzyme-bound. Previous results with C-labeled acetyl 
CoA (1) have indicated that its incorporation into fatty acids is poorer 
than that obtained with labeled acetate. 


SUMMARY 


The aqueous particle-free system derived from pigeon liver has been 
studied further for its lipogenic activity. The system incorporates labeled 
acetate predominantly into fatty acids rather than into glycerides. 

By means of treatment with charcoal it has been possible to demonstrate 
a dependency of lipogenesis upon ATP, DPN, and CoA. 
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In studies (1-3) on the synthesis in vivo of ribose by the tracer technique, 
it was desirable to have a rapid means of degrading the pentose for deter- 
mination of the C" distribution. The fermentation of pentose by Lacto- 
bacillus pentosus 124-2 seemed suitable for this purpose. Fred et al. (4) 
showed that this organism produces 1 mole each of lactic and acetic acids 
per mole of pentose utilized. Lampen et al. (5) found essentially all of the 
isotope in the methyl group of the acetic acid when p-xylose-1-C™ was fer- 
mented. Rappoport et al. (6) obtained similar results in the fermentation 
of t-arabinose-1-C' by Lactobacillus pentoaceticus. Gest and Lampen (7) 
postulated that L. pentosus cleaves pentose between carbon 2 and carbon 
3. By this hypothesis, the carboxyl group of the acetic acid would repre- 
sent carbon 2 of the pentose and the methyl group, carbon 1. The car- 
boxyl, a-, and 8-carbons of the lactic acid would be derived from carbons 
3, 4, and 5 of the pentose in that order. 

In the present work, two samples of ribose-C" (having different tracer 
patterns) were fermented with this organism and were chemically de- 
graded. The degradations are summarized below. 

A comparison of the data obtained supports the hypothesis of Gest and 
Lampen and appears to demonstrate the validity of this fermentation as a 
method for the degradation of ribose. 


* This investigation was largely supported by a grant-in-aid from the American 
Cancer Society upon the recommendation of the Committee on Growth of the Na- 
tional Research Council. Additional assistance was provided by the Atomic Energy 
Commission under contract No. AT (30-1)-1320 and the Elisabeth Severance Prentiss 
Fund of Western Reserve University. The C' used was obtained on allocation by 
the Atomic Energy Commission. Taken in part from a thesis submitted in partial 
fulfilment of the requirements for the degree of Doctor of Philosophy, Western Re- 
serve University. 

+ Predoctoral Fellow, 1950-51, National Cancer Institute of the National Insti- 
tutes of Health, United States Public Health Service. Present address, Institute of 
Industrial Health, University of Michigan, Ann Arbor, Michigan. 
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Methods 


Source of Ribose-C'\—Samples of radioactive ribose were obtained 
from the ribonucleic acid of chicks fed CH;C“OONa and HC“OONa (8). 


Ribose 





L. pentosus 
CH,OH(CHOH),CHO —=" 2==2==_, CH,cHOHCOOH + HOOCCH, 


4 NaOl 
(CH,COO),Ba ——» CH,COCH,; + BaCO,; CH,;COCH;——> CHI, 


(C 2) (C 1) 


MnO NaOl 
CH,CHOHCOOH ——2> CH;CHO + CO, CH,;CHO——~> CHI; + HCOOH 








(C 3) (Cc 5) (C 4) 
Potassium Ribonate 
NalQ, 
CH,OH(CHOH),;,COOK ——> HCHO + 3 HCOOH + CO, 
(c 5) (Cc 4,3,2) (C1) 
Ribo~benzimidazole 
N N 
%(CHOH),CH,OH 2104» CHO + 2 HCOOH + HCHO 
(C 3,4) (C 5) 
N N 
H H 
N 
oO 
CCHO MnO, tcoon 1225 H + _ 
(c 
N N el N 
H H (¢1) ~ 


Growth of Bacteria and Fermentation Procedure—The medium used for 
maintaining and growing the organism was the same as that described by 
Gest and Lampen (7). The stock strain was maintained on D-glucose and 
grown on D-xylose. Resting cells for the fermentation were obtained as 
follows: 5 ml. of liquid medium containing glucose were inoculated from the 
stab culture and incubated at 37° for 24 hours. A subculture was then 
made into 10 ml. of medium containing xylose. After 24 hours at 37° 
this subculture was added to 90 ml. of medium (xylose), which was trans- 
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ferred to 2900 ml. (xylose) after 12 hours. The cells were harvested after 
36 to 40 hours, washed two times with 1 per cent KC] and two times with 
distilled water, and suspended in 0.1 m NaHCO; (20 gm. of cells, wet 
weight per 100 ml.). 

The fermentation was carried out in a 125 ml. Warburg respirometer 
vessel with 0.042 m NaHCO; as the buffer at a final concentration of 0.017 m 
ribose and a 1.7 per cent suspension of cells in a final volume of 60 ml. The 
vessel was gassed for 15 minutes with 5 per cent CO2-95 per cent N» before 
starting the fermentation. When the rate of fermentation, as determined 
by CO2 evolution, decreased to the endogenous level, 2 ml. of 2 N H,SO, 
were added. The endogenous acid production, mainly acetic acid (7), 
was simultaneously determined for the period (about 3 hours) of the 
fermentation. 

Isolation and Degradation of Fermentation Acids—The bacteria were re- 
moved by centrifugation and the acetic acid was recovered from the super- 
natant liquid (acid to Congo red) by steam distillation. 

The distillate was neutralized, concentrated to 15 ml., and reacidified to 
Congo red with H.SO,. The acetic acid was then redistilled as before. 
This second distillation separated the acetic from any significant amount 
of lactic acid which distilled the first time. The acetic acid was further 
purified by partition chromatography on a column of Celite No. 535 with 
mixtures of CHCl; and n-butanol (8). The acetic acid in the eluate was 
extracted from the organic phase with CO,-free. H.O and titrated with 
NaOH to phenol red. The aqueous phase was removed and evaporated 
to 15 ml. The acetic acid was then redistilled as above. The distillate 
was refluxed for 30 minutes while a stream of N2 was being passed through 
the solution to remove CO, and then titrated to brom thymol blue with 
0.1 n CO.-free Ba(OH)s. The (CH;COO).Ba was recovered from the 
distillate by evaporation to dryness and was pyrolyzed to acetone and 
BaCO; (9). The CO, from the BaCO; (carbon 2 of the ribose) was released 
with 4 mM lactic acid. The acetone was treated with NaOI and the resulting 
CHI; (carbon 1 of the ribose) was oxidized to CO, (10). 

The lactic acid was obtained from the combined residues of the first two 
steam distillations by acidification to Congo red with H.SO, and continu- 
ous extraction with ether for 24 hours. It was purified by preparation of 
the guanidine salt (11). The salt was recrystallized until the melting 
point was 162° and was not depressed by mixture with an authentic sam- 
ple. The acid was again obtained by passing an aqueous solution of the 
salt through a column of Dowex 50 (hydrogen form) and was degraded by 
the method of Wood et al. (12) to CO, (carbon 3 of the ribose), HCOOH 
(carbon 4), and CHI; (carbon 5). 

Preparation and Periodate Oxidation of Potassium Ribonate—Ribose was 
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oxidized to potassium ribonate with KOI in methanol (13) and recrystal- 
lized from H,0 by the addition of absolute methanol. (Decomposition 
point, 187° uncorrected, not depressed by mixture with an authentic 
sample.) 

0.5 mo of potassium ribonate in 15 ml. of 0.5 m scdium phosphate buffer 
at pH 5.8 was oxidized at room temperature by the addition of 5.7 ml. of 
0.5 m CO+-free NaIO, (14). The evolved CO: (carbon 1) was continuously 
aerated from the mixture and trapped in 2.5 m CO.-free NaOH. Approxi- 
mately 95 per cent of the CO. was recovered in an hour. Analysis (15) 
of an aliquot generally indicated 95 to 97 per cent utilization of the oxidant. 
The remainder of the solution was acidified to pH 2 with H.SO, and the 
periodate and iodate were destroyed by the addition of 1 ml. of 20 per cent 
KI and 5.7 ml. of 2 mM NaAsO, (16). The pH was then adjusted just acid 
to Congo red and the HCOOH and HCHO were recovered together by 
concentration to 15 ml. and steam distillation of 10 volumes. 5 ml. of 
1 m acetic acid were added to the distillate and the HCOOH (carbons 2, 
3, and 4) was selectively oxidized to CO2 with 30 ml. of a 0.3 m solution of 
(CH;COO).Hg in 0.5 m acetic acid (17). The residual solution was filtered 
and the HCHO (carbon 5) in the filtrate was distilled. The distillate was 
neutralized to phenolphthalein with NaOH and the HCHO was oxidized 
to HCOOH with NaOlI by the addition of 20 ml. of 1 n NaOH and 20 ml. 
of 0.1 n I, at 0° for 4 hour (18). The I, was destroyed by acidification 
with 10.3 ml. of 2 N H2SO, and addition of 2 m NaAsO, until the I; color 
disappeared. The solution was then neutralized to phenolphthalein with 
NaOH and concentrated to 15 ml. The HCOOH was recovered by acidifi- 
cation with H.SO, to Congo red and steam distillation of 10 volumes. 

Preparation and Degradation of Ribobenzimidazole—2-(p-Ribotetrahy- 
droxybutyl)benzimidazole was obtained by condensing potassium ribonate 
with o-phenylenediamine by a modification of the method of Dimler and 
Link (13) and was degraded as described by Bernstein et al.! 

For the degradation 0.5 mm of ribobenzimidazole was oxidized with 3 
mm of NalQ, to 2-benzimidazolealdehyde (pentose carbons 1 and 2), 
HCOOH (carbons 3 and 4), and HCHO (carbon 5) (19). The 2-benzimid- 
azolealdehyde, which precipitated on the addition of NaHCO;, was re- 
moved by centrifugation and was then oxidized with alkaline KMnQ, to 
the corresponding acid (20) and decarboxylated at 190° to give COs (pen- 
tose carbon 2) and benzimidazole (carbon 1) (19). The HCOOH and 
HCHO in the supernatant fluid were oxidized to CO. as described above. 

Determination of Radioactivity—Specific activities were determined on 
CO: by the gas phase counting method of Bernstein and Ballentine (21) 


1 Bernstein, I. A., Lentz, K., Malm, M., Schambye, P., and Wood, H. G., to be 
published. 
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and are reported as counts per minute per millimole of carbon. For ac- 
tivity determinations of potassium ribonate and benzimidazole, these com- 
pounds were burned to CO, (22). 


TaBLe I 


Comparison of C'* Distribution in Ribose Determined by Chemical and 
Bacterial Degradation* 





Specific activity, c.p.m. per mm carbon 








| 
it L. pentosus fermentationt 
a 


br NalQ, oxidation | NalO, oxidation 
Experiment No, Ribo- - } 
Ribose 4 Ribonate | Ribobenzimidazole 


Av- v-| cs Av- 
C1}C2| C3 |C4\C5 sal c1/C 2-4 cs/en| C1 C2 * C S| er- 
age 





on 








ated —— -F — = 


1 (CH;C“%OONa)t |327/517|3280/108} 0/846} 832 |310|1290 
2 (HC“OONa)t 3a5la22 430|198/440|327| 321 |354| 271 halal 309)475|334 











* For details of the procedures see the text. 

+ Compound fed to chicks for the isolation of the particular sample of ribose-C™. 

t Values for C 1 and 2 corrected for endogenous production of acetate (5 per cent 
in Experiment 1, 6 per cent in Experiment 2). 











§ Calculated. 
TaBLeE II 
L. pentosus Fermentation Data 
Experiment 1 Experiment 2 
i, ear mM | mM 

nme. Swe os 2. Ja le ee eee See 0.500 0.972 
CO, liberated in ribene formente NR sis cp ate 0.930 1.89 
CO: . ‘* endogenous fermentation.........| 0.0230 0.0582 
Acetate isolated from column..................... 0.460 0.848 
Guanidine lactate isolated......................-. 0.420 0.823 





Fermentation was carried out in a 125 ml. Warburg respirometer vessel at 37° with 
final concentrations of 0.042 m NaHCOs, 0.017 m ribose, and 1.7 per cent cell suspen- 
sion. Gas phase, 5 per cent CO2-95 per cent N». See the text for details of acetate 
and lactate isolation. 


Results 


Comparison of Chemical and Bacterial Degradations of Ribose-C'*—Table 
I presents data obtained by chemical and bacterial degradation of each of 
two differently labeled samples of ribose-C'. Analytical data for the fer- 
mentations are shown in Table II and for the degradations of the acetate 


Yim 
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and lactate in Table III. The chemical degradation data are presented ip 
Tables IV and V. 

In Experiment 1 (ribose from CH;C“OONa feeding) the average specific 
activity of carbons 2, 3, and 4 by fermentation was 1300 ¢.p.m. per my 














TasBe III 
Analytical Data on Lactate and Acetate Degradation 
Experiment 1 Experiment 2 

» aalishion Ka ‘sf mM mM 
Barium acetate pyrolyzed......................... 0.230 0.382 
COs from CHis (C1) onc ccc cect cece eee 0.193 0.214 

Se re ES 50 oy os nbn aba. beens ds cmes ose 0.210 0.350 
Lactate decarboxylated.....................00000. 0.420 0.823 
CO-z from COOH (C 8)......................0 0c eee 0.420 0.823 

TF a Ft TR BY oa 5 wclsivia'ca'sscocdseswavs 0.168 0.425 

ce WR A Se eee eee eee 0.166 0.425 





For details of procedures s see the text. 











TaBLe IV 
Analytical Data on Ribonate Oxidation 
Experiment 1 Experiment 2 

ae pas ie 2s as mM mM 
Potassium ribonate submitted to oxidation....... .|; 0.402 0.466 
NalO, utilized (theoretical, 4 mm NalIO, per mm 

ribonate) . ete ; reat Ne aed ree ee: 1.56 1.79 
CO:2 (C1). pn I es Oe rhe ete ey 0.385 0.444 

«from HCOOH (C MOORS Cos ous Bacle vs wb oe 1.15 1.23 

” Pe), MRD is os ieais cs bewdiele sweden ve 0.303 0.328 








For details of procedures see the text. 





TaBLe V 
Analytical Data on Ribobenzimidazole Degradation 
mM 
Ribobenzimidazole (Experiment 2), submitted to oxidation. . . 0.264 
Nal0, utilized (theoretical, 3 mm NaIQ, per mM ribobenzimid- 
azole) . ba Tp ag cand sana 38 ie cals ioc a ne 0.736 
CO: from HCOOH (C3, 4) PME ag Sty klar bceie 0.450 
o ‘* HCHO (C 5).... j At yn See eee a eee 0.168 
2-Benzimidazolealdehyde isolated. p As Maree WP ee 0.210 
2-Benzimidazolecarboxylic acid decarboxylated . a ne See 0.157 
CO, from decarboxylation (C 2) Se ae ae 0.140 
Benzimidazole isolated (C1).................. : 0.0980 











For details of procedures see the text. 
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of carbon, whereas by ribonate oxidation it was 1290. The activity of 
carbon 1 was determined as 327 and 310 by the two methods and in both 
cases carbon 5 had no detectable activity. 

In Experiment 2 (ribose from HC“OONa feeding), specific activity values 
of 345, 354, and 350 were obtained by the three methods for carbon 1. Car- 
bon 2 values were 222 by fermentation and 229 by ribobenzimidazole deg- 
radation. Carbon 5 by fermentation was found to be 440, while the values 
by the chemical methods were 465 and 475. The average of carbons 2, 3, 
and 4 by fermentation was 283, by ribonate oxidation 271, and by ribo- 
benzimidazole degradation 282. 

In all cases, the specific activities determined for the same fragment by 
the different methods agreed within 5 per cent of their average value. 


DISCUSSION 


The data presented show that the pentose is split by L. pentosus into 
two moieties between carbons 2 and 3 such that the carboxyl and methyl] 
groups of the acetic acid arise from pentose carbons 2 and 1 respectively; 
the carboxyl, a-, and 6-carbons of the lactic acid, from pentose carbons 3, 
4, and 5. 

These data show that L. pentosus fermentation may be employed as a 
method for determining the isotope distribution in ribose. Use of this 
procedure greatly facilitates tracer studies of the mechanism of ribose 
synthesis and eliminates the need for tedious and time-consuming chemical 
degradation. 

Since L. pentosus appears to degrade pentose into C; + C, units rela- 
tively directly, this organism appears to offer a system to study the mech- 
anism of cleavage of pentose and to determine the initial products thereof. 
In addition, a reversal of this cleavage may be the mechanism of synthesis 
from C; + C2 units and a knowledge of the identity of the C. unit involved 
may help explain the synthesis. 


SUMMARY 


1. Data obtained from chemical and bacterial degradation of ribose-C™ 
support the hypothesis that Lactobacillus pentosus cleaves the pentose 
between carbons 2 and 3 to yield the carboxyl and a-carbon of the acetic 
acid from pentose carbons 2 and 1, respectively, and the carboxyl, a-, 
and 8-carbons of the lactic acid from carbons 3, 4, and 5 in that order. 

2. The validity of this fermentation procedure for determination of the 
distribution of a tracer in ribose is demonstrated. 


The author is grateful for the guidance and interest of Dr. Harland G. 
Wood during the course of this work, and is indebted to Dr. Robert Steele, 
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Biology Department, Brookhaven National Laboratory, for advice and 
assistance during the early use of the gas phase counting technique. 


BIBLIOGRAPHY 


. Bernstein, I. A., J. Am. Chem. Soc., 78, 5003 (1951). 

. Bernstein, I. A., Federation Proc., 11, 187 (1952). 

. Bernstein, I. A., J. Biol. Chem., 206, 317 (1953). 

. Fred, E. B., Peterson, W. H., and Anderson, J. A., J. Biol. Chem., 48, 385 (1921). 
. Lampen, J. O., Gest, H., and Sowden, J. C., J. Bact., 61, 97 (1951). 

. Rappoport, D. A., Barker, H. A., and Hassid, W. Z., Arch. Biochem. and Biophys., 


31, 326 (1951). 


. Gest, H., and Lampen, J. O., J. Biol. Chem., 194, 555 (1952). 

. Marvel, C. S., and Rands, R. D., Jr., J. Am. Chem. Soc., 72, 2642 (1950). 

. Grosse, A. V., and Weinhouse, S., Science, 104, 402 (1946). 

. Shreeve, W. W., Leaver, F., and Siegel, I., J. Am. Chem. Soc., 74, 2404 (1952). 

. Packham, M. A., and Butler, G. C., J. Biol. Chem., 194, 349 (1952). 

. Wood, H. G., Lifson, N., and Lorber, V., J. Biol. Chem., 159, 475 (1945). 

. Dimler, R. J., and Link, K. P., J. Biol. Chem., 150, 345 (1943). 

. Malaprade, L., Bull. Soc. chim., 43, 683 (1928). 

. Smith, G. F., Analytical applications of periodic acid and iodic acid and their 


salts, Columbus, 5th edition, 61, 90 (1950). 


. Topper, Y. J., and Hastings, A. B., J. Biol. Chem., 179, 1255 (1949). 

. Weike, H. D., and Jacobs, B., Ind. and Eng. Chem., Anal. Ed., 8, 44 (1946). 

. Sakami, W., J. Biol. Chem., 187, 369 (1950). 

. Huebner, C. F., Lohmar, R., Dimler, R. J., Moore, S., and Link, K. P., J. Biol. 


Chem., 159, 503 (1945). 


. Bistrzycki, A., and Przeworski, G., Ber. chem. Ges., 45, 3483 (1912). 
. Bernstein, W., and Ballentine, R., Rev. Scient. Instruments, 21, 158 (1950). 
. Van Slyke, D. D., and Folch, J., J. Biol. Chem., 186, 509 (1940). 





(Fron 


A 
as a 
carb 
data 
from 
phat 
pent 
meri 
unit 

In 
chic! 
and 
If tl 
the | 
rem: 


C— 


A di 


of s 


w 
Canc 
tion: 
Com 
Fun 
the . 
fulfil 
servi 
of B 

t 
tute: 
Indu 


and 
SYNTHESIS OF RIBOSE BY THE CHICK* 


By I. A. BERNSTEIN 


(From the Department of Biochemistry, School of Medicine, Western Reserve University, 
Cleveland, Ohio) 


921) (Received for publication, April 27, 1953) 


A study of the synthesis of ribose in vivo has been undertaken with C™ 
as a tracer to determine whether this synthesis occurs by loss of an end 
carbon from the glucose chain or by some other mechanism. Available 
data (1-5) indicate that the synthesis of ribose may occur by loss of C 1 
from hexose through oxidation of glucose-6-phosphate to gluconate-6-phos- 
phate and decarboxylation of this acid. Other workers have postulated 
pentose synthesis by decarboxylation of the hexuronic acids (6, 7), poly- 
merization of formaldehyde (8), and condensation of a 2- and a 3-carbon 
unit (8-12). 

In this investigation, C'-labeled compounds were fed to young fasted 
chicks. Glycogen and ribose were isolated from the pooled internal organs, 
and the isotope distribution patterns of these carbohydrates determined. 
If the ribose were formed from glucose by removal of either end carbon, 
Biol. the distribution of the tracer in the ribose should be similar to that of the 
remaining 5 carbons of the hexose, as for example, 


hys., 


2). 


their 


‘ c—c*—c*—c—cHo —& c—c—c»—c*—c—cuo ——2 


Ribose Glucose 
C—C—C*—C*—CHO 
Ribose 


A deviation from such a picture would probably indicate the involvement 
of some other synthetic pathway. 


* This investigation was largely supported by a grant-in-aid from the American 
Cancer Society upon the recommendation of the Committee on Growth of the Na- 
tional Research Council. Additional assistance was provided by the Atomic Energy 
Commission under Contract No. AT (30-1)-1320 and the Elisabeth Severance Prentiss 
Fund of Western Reserve University. The C' used was obtained on allocation by 
the Atomic Energy Commission. Taken in part from a thesis submitted in partial 
fulfilment of the requirements for the degree of Doctor of Philosophy, Western Re- 
serve University. A preliminary report was presented before the American Society 
of Biological Chemists, New York, April, 1952. 

+ Predoctoral Fellow, 1950-51, National Cancer Institute of the National Insti- 
tutes of Health, United States Public Health Service. Present address, Institute of 
Industrial Health, University of Michigan, Ann Arbor, Michigan. 
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The patterns of radioactivity in the ribose in every experiment were 
found to be different from that of C 2-6 or C 1-5 of the glycogen. These 
results have been interpreted to indicate that the major pathway for the 
synthesis of ribose by the chick is not directly from hexose and that another 
mechanism is operating. 


Methods 


Feeding Techniques—Young chicks, fasted for 48 hours, were fed the 
isotopically labeled compound mixed with an amount of commercial chick 
mash which would be consumed during 12 and 20 hours. The chicks were 
then sacrificed and the internal organs (muscle was included in Experiments 
1 and 2) were removed and frozen in a dry ice-ether mixture. The tissues 
were stored at —10° until further treatment. 

Isolation of Ribose—The accompanying flow sheet outlines the procedure 
used for the isolation of ribose from the purine nucleotides of nucleic acid, 

The tissue was first submitted to a modification of the procedure of 
Schmidt and Thannhauser (13). It was homogenized in 5 volumes of ice- 
cold 7 per cent TCA! for 2 minutes in a Waring blendor and, after addition 
of Hyflo Super-Cel (0.3 gm. per gm. of tissue) and 10 volumes of TCA, 
was stirred for 20 minutes. The insoluble residue was filtered and washed 
with 5 volumes of ice-cold H,O, 95 per cent alcohol, and absolute ether. 
All of the above procedures were carried out at 5°. The dried residue was 
ground in a hand meat grinder and defatted by boiling twice for 5 minutes 
in 5 volumes (5 ml. per gm. of original tissue) of a 3:1 alcohol-ether mixture 
and twice for 30 minutes in 5 volumes of a 1:1 chloroform-methanol mix- 
ture. The extracted residue was dried with absolute ether. 

The combined sodium nucleates (DNA! and PNA’) were obtained from 
the dried residue by extracting once with 2 volumes (2 ml. per gm. of origi- 
nal tissue) and three times with 1 volume of 10 per cent NaCl, with con- 
stant stirring for 60 minutes on a steam bath (14-16). The NaNA! were 
precipitated from the combined extracts by slow addition with stirring of 
2.1 volumes of 95 per cent alcohol, centrifuged, and washed with ice-cold 
70 per cent alcohol, absolute alcohol, and absolute ether. 

The DNA and PNA were separated by incubating the NaNA in alkali 
at 37° for 18 hours, followed by acidification to precipitate the DNA (13). 
In all except Experiments 3 and 5, 1 n NH,OH (1 ml. per mg. of NaNA) 
was used for the incubation. The ammonia was then removed by evapo- 
ration of the solution to 0.3 volume at 40° under a jet of air. The solution 
was cooled to 5° and, after the addition of a small amount of Hyflo Super- 
Cel, the DNA was precipitated by acidifying to 0.5 N with cold, 10 n H.SO,. 


1TCA = trichloroacetic acid; DNA = desoxypentose nucleic acid; PNA = pen- 
tose nucleic acid; NaNA = sodium nucleates; RNA = ribonucleic acid. 
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The precipitate was removed by filtration and washed with 0.05 volume 
of ice-cold 0.5 Nn H,SO,. In Experiments 3 and 5, the NaNA were in- 
cubated in 0.5 n NaOH (1 ml. per 10 mg. of NaNA) (17), after which the 
sodium ion was removed by treatment of the solution with Dowex 50 


Flow Sheet for Isolation of Ribose As Potassium Ribonate from Animal Tissue 


Tissue 
| Homogenized in cold TCA 








Residue (PNA, DNA, lipides, protein) Filtrate (glycogen, coen- 
| Defatted zymes, etc.) 
Residue (PNA, DNA, protein) Extract (lipides) 





| Extracted with 10% NaCl at 100° 





Extract (PNA, DNA) Residue (protein) 
| 2.1 volumes 95% EtOH added 





Precipitate (PNA, DNA as sodium salts) Supernatant 
Incubated in 1 n NH,OH (or 0.5 n NaOH) at 37°; 
alkali removed; acidified 








Filtrate (PNA fraction) Precipitate (DNA) 
Hydrolyzed in 0.5 n H2SO, 2.5 hrs. at 100°; neu- 
tralized with Ba(OH). 





Supernatant (purines, pentose, phosphate, pyrimi- Precipitate (BaSO,) 
dine nucleotides) 
Lyophilized; residue extracted with 95% dioxane 





Extract (pentose, purines) Residue (inorganic salts, 
pyrimidine nucleotides) 
Chromatogramed on filter paper in 2 solvent sys- 
tems 

Eluate (pentose) 

| Lyophilized; residue extracted with MeOH 
Extract (pentose) 

| Oxidized with KOI in MeOH 
Precipitate (potassium ribonate) 





(hydrogen form) until the pH reached 5.2 The resin was removed by 
filtration and washed with H.O. The filtrate was adjusted to pH 2 with 
dilute H.SO, to precipitate the DNA,’ and the DNA was removed as 
described above. 

The filtrate (PNA fraction) was acidified to 0.5 nN with H.SO,, if not 
already so, and was refluxed for 2.5 hours to hydrolyze the purine nucleo- 
tides. After removal of the sulfate as BaSQ,, the solution was lyophilized. 


? Suggested by Dr. C. E. Carter. 
3 Suggested by Dr. L. Manson. 
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The ribose was obtained from the dried residue by repeated extractions 
with 95 per cent dioxane.* No more than 55 per cent of the pentose in the 
hydrolysate was ever recovered in the extract as determined by analysis 
with orcinol (19). The pentose was purified by ascending chromatography 
(20) on large sheets of Whatman No. 1 filter paper for 24 hours at 30° 
with an acid and an alkaline solvent system. The dioxane extract was 
applied on the starting line at a concentration of 50 to 100 y of pentose 
per 0.5 cm. and developed with ethyl acetate-water-acetic acid, 3:3:1 (21). 
The ribose band was located by streaking with a 0.2 m solution of m-phenyl- 
enediamine dihydrochloride in 75 per cent ethanol (22) and was eluted with 
water. This eluate was then rechromatogramed in n-butanol-ethanol (95 
per cent)-water, 9:1:10 (NH; atmosphere) (23). Authentic ribose was al- 
ways chromatogramed on each sheet for identification. 

Table I gives the R»y values for several carbohydrates and some of the 
compounds which could conceivably be encountered at this stage. It is 
apparent that the acid solvent separates ribose from each of the substances 
listed; however, when ribose from chick liver was chromatogramed in 
the acid solvent only and was submitted to oxidation with KOI (24), the 
product obtained was grossly contaminated with carbonaceous material. 
This difficulty was overcome by using the alkaline solvent. 

The yield of ribose in the eluate from the second chromatogram was 
generally 15 to 20 per cent of that determined in the isolated NaNA and 
no other pentose has been obtained. Carrier ribose, when used, was 
always added to the eluate from the second chromatogram. 

The identity of the pentose as ribose rests on chromatographic data, 
preparation of the potassium ribonate without addition of carrier (decom- 
position point: 187° (24) not affected by mixture with an authentic sample), 
isolation with non-isotopic carrier, and degradation of the ribonate and 
ribose by chemical] and bacterial methods in which the yields of products 
are in agreement with expectation and the patterns of the isotope by differ- 
ent degradations are in accord (25). Further characterization of the ribose 
must await improvements in the technique of isolation, which would result 
in increased yields. 

Degradation of Ribose—The distribution of C™ in the ribose from the 
second chromatogram was determined by fermentation with Lactobacillus 
pentosus (25). 

Preparation and Total Combustion of Potassium Ribonate—An aliquot of 
the eluate from the second chromatogram was lyophilized, extracted with 
absolute methanol (0.5 ml. per 10 mg. of pentose), and the extracted ribose 


4 Dioxane was purified and freed of peroxides by the method described by Vogel 
(18). When purified in this manner, dioxane shows no interference in the method 
used for the analysis of pentose. 
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was oxidized to potassium ribonate by the method of Dimler and Link (24). 
After recrystallization, the salt was oxidized to CO. by the method of 
Van Slyke and Folch (26). 

Isolation of Glycogen—Glycogen was precipitated from the TCA extract 
(see the flow sheet) by adding 1.1 volumes of cold 95 per cent alcohol (27). 
The glycogen was purified by solution in hot water and reprecipitation in 
50 per cent alcohol. 


TaBLeE I 


Ry Values of Nucleotide Components and Carbohydrates 
Chromatogramed on Filter Paper 





Solvent system 











Compound Sony een , i eine eee ie er 
3:EtAc:3H20:1HAc (20)* | 9BuOH:1EtOH:10H20t (23)* 
| cm. | Rr | om. Rr 

Ee ees | 0.20 | 68 0.22 
ee rere ia 9.1 0.22 | 
ER Poe clecawasmet ee | 8.5 0.20 6.8 0.22 
ES ae ee | 7.8 | 0.19 
ES Ce 6.5 | 0.15 
EE ee 4.8 0.11 
Ns reas alain e's Aaeene 28 | 0.67 | 12.4 | 0.40 
eh eee: cP ee 7.9 | 0.19 0 | 0 
ee be ee 17 0.41 10.1 0.33 
FR aaa eS, 6.6 | 0.16 
Mhese-B-POs..............5... 25 | 0.06 
Adenylic-3-PQ,................| 2.5 0.06 
Cytidylic acid................. | 0 0 
Solvent migration. ............ ie Y we 31 | 








The chromatograms were run by the ascending technique at 30° for 24 hours. 
The spots were 1 cm. in diameter when applied and 2 cm. after migration. For fur- 
ther details see the text. 

* Bibliographic reference numbers. 

t 1 per cent NH; for alkaline atmosphere. 


Degradation of Glycogen—The pattern of C™ in the glycogen was deter- 
mined by the method of Wood et al. (28). The lactic acid was purified by 
preparation of the guanidine salt and the free acid was recovered by 
Dowex 50 treatment (29). 

Chemical Synthesis of C'-Labeled Compounds—CH;C“OONa and 
C“H.NH»COOH were synthesized by the method described by Sakami 
(30). HC™“OONa was prepared by a modification of the method of Melville 
et al. (31). 

Determination of C'*—Radioactivity was determined on CO, by the gas 
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phase method of Bernstein and Ballentine (32) or with an end window 
Geiger-Miiller tube on BaCOs, plated at finite thickness and corrected for 
self-absorption. A standard sample of radioactive CO, counting 454 ¢.p.m. 
per mm as BaCO; counted 3840 c.p.m. per mm by the gas phase method. 




















TaBLeE II 
Incorporation of C4 into Glycogen and PNA Ribose in Rats Fed CH;C“OONa and 
HC“O0OONa 
| C* activity, c.p.m. per mM compoundt 
o | Labeled compound ‘ e Per cent, | 
Ps fd ae en, | ‘and. | Liver, Intesti- | Liver 
4 | ES muscle | beset bosch | “ren 
i per | 
A | HC“OONa 7 X 10%c.p.m. in 1.75 mu | 16 | | Negli- 
| formate + rat food for | gible | 
| | 7 days 
B | ” | 14 X 10° c.p.m. in 1.75 | 15 re | 1500 | 1800 
| mM formate + rat food | 
| for 7 days 
C | CH;C“OONa | 10’c.p.m.inlmMacetate 17 | 600 3900 
| + rat food for 4 days 
D | = 40 hrs. fasting followed 15 2800 


by 5 X 10% c.p.m. in 2 
mM acetate + rat food 
for 4 days 





* The activity is the total activity administered per 100 gm. of body weight and 
was mixed with the ground rat food except in Experiment A in which it was given 
subcutaneously in 0.125 ml. of a 1 m solution at 12 hour intervals. The rats weighed 
between 100 and 150 gm. 

t All activities were measured on BaCO; with an end window Geiger-Miiller 
counter. 

t Activity determined by total combustion of potassium ribonate. 

§ Activity determined by total combustion of furoic acid prepared from the 
PNA fraction (see the flow sheet) by the method of Léw (35). 

|| Activity determined by total combustion of reprecipitated glycogen. 


Results 


Exploratory experiments with young, growing rats indicated that the 
incorporation of C' into pentose was negligible in well fed animals, even 
if the isotope was fed over a 7 day period at relatively high levels (Table 
II). A similar low incorporation into the glycogen (Table IT) was found, 
in confirmation of data in the literature (33, 34). The results of Experi- 
ment D suggested that a preexperimental fasting period might increase the 
incorporation of the tracer into the ribose, as was well known to occur in 
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the case of glycogen. In Experiment D, as compared with Experiment C, 
about 4.5 times better incorporation of C' in the pentose was obtained, 
although only half as much activity was fed. It seems possible that the 
value found for the incorporation of Ct in Experiment D would have been 
even greater if the PNA of the liver alone had been used to determine the 
activity. 

Chicks 1 week old were fasted for 48 hours and fed 9 gm. of chick mash 
mixed with 5 mm of HC“OONa (containing 8.1 X 10° c.p.m.) per 100 
gm. of fasted body weight during a 12 hour period. Total combustion of 
furoic acid prepared (35) from the PNA fraction of the combined internal 
organs indicated an incorporation of 2940 c.p.m. per mM of pentose. The 
glycogen contained 59,400 c.p.m. permm. In a comparable experiment in 
which 5 mo of unlabeled glycine were added to the diet, the pentose had 
7380 ¢.p.m. per mM and the glycogen 124,000 c.p.m. per mM. 

Table III shows the experimental conditions and Table IV the distribu- 
tion of radioactivity in the ribose and glycogen when CH;C“OONa, 
C“H.,.NH,COOH, and HC“OONa (with and without unlabeled glycine) 
were fed to chicks after 48 hours of fasting. The levels of C“ in Table IV 
are shown as relative specific activities within the molecules to facilitate 
comparison of the isotope in the ribose and glycogen. Clearly the dilution 
of the isotope by the unlabeled, preformed material might be quite different 
in these two compounds. Although the glycogen values were obtained as 
pairs of carbons, 7.e., C 1,6, C 2,5, and C 3,4 (28), they are presented as 
separate values, since Wood et al. (28) and Topper and Hastings (36) 
have shown that the 2 carbons of each pair are approximately equal.® 

From Table IV it is seen that ribose C 3, 4, and 5 and glycogen C 3, 2, 
and 1 or C 4, 5, and 6 have approximately the same relative ratios of 
tracer in each case. However, in no experiment does the isotopic pattern 
of the ribose mirror the pattern of 5 consecutive carbons of the hexose. 
One would have expected ribose C 2 and 3 to be nearly equal to each 
other, as are C 3 and 4 of the hexose, if hexose were the precursor of the 
pentose by the “hexose monophosphate shunt” mechanism. The same 
argument would apply to C 3 and 4 of the ribose if the “uronic acid” 
mechanism were the pathway of synthesis from hexose. In every case, 
however, ribose C 2 and 3 and C 3 and 4 were found to have unquestionably 
different levels of C'. In addition, in Experiments 1 and 2, in which ace- 


5 The approximate activity equality between glycogen carbons 3 and 4 in Experi- 
ment 1 was verified by periodate oxidation of the methylglucoside (28). The sym- 
metrical labeling of the glycogen in Experiment 5 was indicated by fermentation 
with Leuconostoc mesenteroides according to Gunsalus and Gibbs (37), which gave 
the following values for relative specific activity: C 1, 93; C 2, 33; C 3, 20; C 4, 19; 
C 5, 35; and C 6, 100. C 6 was counted at a level of 21,800 c.p.m. per mm of carbon. 
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tate was fed, C 1 of the ribose had significant activity, which would not be 
expected if hexose were a direct precursor by removal of an end carbon. 

A comparison of the data from Experiments 4 and 5 shows that the addi- 
tion of unlabeled glycine to the diet not only increased the incorporation 
of isotope from HC“OONa into both the glycogen and ribose, but also 
altered the tracer patterns. 


DISCUSSION 


Four major assumptions are inherent in this method of evaluating the 
importance of a direct conversion of hexose to ribose as the pathway of 
synthesis in vivo. It is assumed that the C™ pattern of the glycogen is 
representative of that of the glucose-6-phosphate during the experimental 
period, that the isotopic pattern (not the absolute values) is similar in the 
glycogen throughout this time, that the pattern of C“ in the ribose is not 
altered by exchange after the pentose is once formed, and that the ribose 
from the pooled tissue is representative of that from the individual tissues. 

Since glucose-6-phosphate, a direct precursor of ribose-5-phosphate (1-5, 
38) by the “hexose monophosphate shunt”? mechanism, is considered to be 
in equilibrium with glycogen (39) and glycogen has been shown to have the 
same tracer pattern when the tracer is fed for 2.5 (40) or 168 (34) hours, it 
seems reasonable to assume that glycogen and glucose-6-phosphate do in 
fact have similar tracer patterns during the entire feeding period. Inas- 
much as it is conceivable that localization of metabolites and processes in 
the cell may result in these two hexose ‘‘pools’’ not being in “tracer equilib- 
rium,” a check of the tracer pattern of the glucose-6-phosphate and glyco- 
gen at various times during the feeding period should be made. De- 
terminations of the ribose tracer pattern at different times in the same 
experiment should provide information on the question of whether the 
ribose pattern is altered by exchange. 

No effort has as yet been directed at determining the C" ratios of the 
ribose in different tissues. Preliminary data® show, however, that the 
tracer patterns are the same in ribose isolated individually from the purine 
and pyrimidine nucleotides of nucleic acid and from the “coenzyme frac- 
tion” of the TCA extract. This makes it seem likely that the ribose is 
synthesized by a similar mechanism in all instances. 

If these assumptions are correct, then, it would seem that ribose synthesis 
in the chick does not occur primarily by the ‘‘hexose monophosphate shunt” 
mechanism under the conditions of these experiments. The data do not 
eliminate this pathway entirely, however, nor do they indicate how much 
of the synthesis might occur by this mechanism. Since the “uronic acid” 
mechanism would require similar tracer patterns in the pentose and C 1-5 


6 Unpublished, I. A. Bernstein. 
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of the hexose, this pathway, as well, seems to be ruled out as the major 
pathway. Synthesis by condensation of C; + C2 units, as previously 
suggested (41, 42), is consistent with these data, although some other as 
yet unknown mechanism may be the true one. The C; unit would seem 
to form C 3, 4, and 5, while C | and C 2 represent the C. unit. It appears 
that C 3, 4, and 5 of the pentose arise from the same triose which is the 
precursor of glycogen. Although in Experiments 3 and 5, pentose C 1 and 
2 had the same activity ratio as C 5 and 4, suggesting that C 1 and 2 might 
arise from the B- and a-carbons of the triose, this was not observed in the 
other experiments. 

Support for this concept of ribose synthesis by C; + C2 condensation is 
furnished by the recent notes of Horecker and Smyrniotis (43) and Racker 
et al. (44) on the synthesis of pentose in vitro from an “active 2-carbon unit”’ 
plus glyceraldehyde phosphate in a reaction possibly similar to that pre- 
viously reported by Akabori et al. (12). 

The failure to demonstrate the “hexose monophosphate shunt’? mecha- 
nism as the major pathway in the synthesis of ribose in the chick is sur- 
prising in view of the apparent wide-spread occurrence of the system in 
animal tissues (2,5). It is possible that the direct hexose to pentose path- 
way is only weakly active in the chicks, whose growth has been reported 
to be stimulated by dietary gluconate (45). 

Davidson and Waymouth (46) have reported a decrease in liver PNA 
in rats fasted for 24 hours. This observation has been confirmed in the 
chick in that the amount of ribose determined in the PNA fraction after 
48 hours of fasting is markedly lower than is found in the case of well fed 
animals. A return to the unfasted level occurs within 12 hours after the 
resumption of feeding. It is possible that this phenomenon, if it really 
represents a de novo synthesis of PNA, might explain the better incorpora- 
tion of C™ into the pentose following fasting. The failure to get good 
incorporation over a much longer period during active growth, however, 
remains an enigma. An explanation, of course, may be that the rat food 
contained a better pentose precursor than the labeled compounds fed. 
The same reason may explain the relatively low C™ incorporation into 
ribose even under the conditions of Experiments 1 to 5 (Table IV). 


SUMMARY 

1. A method for the isolation of ribose from the purine nucleotides of 
RNA in animal tissue has been reported. 

2. A comparison has been made of the C' pattern of ribose and glycogen 
obtained from the internal organs of chicks fasted 48 hours and then fed 
CH;C“OONa, C“H.NH.COOH, and HC“OONa in separate experiments. 
Ribose C 3-5 and glycogen C 3-1 or C 4-6 had approximately similar C™ 








328 RIBOSE SYNTHESIS 


patterns in all cases, but no 5 consecutive hexose carbons showed the same 
C" pattern as did the ribose, suggesting that the ‘hexose monophosphate 
shunt” and the “uronic acid” mechanisms do not account for the major 
synthesis of ribose in the chick under the experimental conditions. 

3. The assumptions made in the experimental approach are discussed, 
and the C; + C2 condensation mechanism for ribose synthesis is suggested 
as being consistent with the data. 


The author is sincerely grateful for the interest and advice of Dr. Harland 
G. Wood during this investigation. The author is also appreciative of the 
technical assistance of Mr. Frank Tiberio and the cooperation of Mr, 
Kenneth Lentz, Dr. Mignon Malm, and Dr. Per Schambye in making 
several of the analyses. 
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STUDIES ON THE METABOLISM OF 4-AMINO-5-IMIDAZOLE- 
CARBOXAMIDE IN VITRO* 


I. UTILIZATION BY NORMAL TISSUE PREPARATIONS 


By ZELMA MILLER ann LEONARD WARREN 
Wirs THE TECHNICAL ASSISTANCE OF Nancy McINTosH 


(From the Children’s Cancer Research Foundation, Children’s Medical Center, and 
the Department of Pathology, Harvard Medical School, Boston, Massachusetts) 


(Received for publication, May 8, 1953) 


The formation of a diazotizable, non-acetylable amine during sulfon- 
amide bacteriostasis of Escherichia coli was first reported by Fox in 1942 
(1). The isolation of this amine and the description of its properties by 
Stetten and Fox (2) led to its characterization by Shive and his collabo- 
rators as 4-amino-5-imidazolecarboxamide (3). The proposal was made 
that this compound represents a purine precursor and that it is converted 
to hypoxanthine by the incorporation of an additional carbon atom. This 
step is blocked by aminopterin (4), as well as by sulfonamides. 

Both in vitro and in vivo studies suggest that carboxamide! also functions 
as @ purine precursor in animals. In pigeon liver homogenate, C-labeled 
carboxamide forms hypoxanthine (5, 6), and, after injection of the com- 
pound into rats and mice, the label is found in the adenine and guanine of 
nucleic acids (7, 8). 

A considerable and rapidly increasing body of evidence indicates the 
importance of folic acid in the transfer of 1-carbon units and the inhibition 
of this function by folic acid antagonists (9-12). It has seemed important 
to us to extend such studies by investigating the distribution and kinetics 
of the enzymes involved in the utilization of 4-amino-5-imidazolecarbox- 
amide, and to determine whether this is influenced by aminopterin in the 
mammalian species. The present report deals with the first of these ob- 
jectives, and reveals that, in the rat, liver tissue possesses the maximal 
activity and that the utilization of carboxamide requires oxygen, an energy 
source and methyl donor, Mg** ion, diphosphopyridine nucleotide (DPN), 
and adenosinetriphosphate (ATP) or adenylic acid (AMP). 


* This investigation was aided by a research grant from the National Institutes of 
Health, United States Public Health Service. A preliminary report of this work has 
been presented (Proc. Am. Assn. Cancer Res., 1, 38 (1953)). 


1 For purposes of convenience, 4-amino-5-imidazolecarboxamide will be referred 
to as carboxamide. 
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EXPERIMENTAL 


Adult Hisaw rats,’ weighing 150 to 250 gm. and fed a diet of Purina dog 
chow, were killed by decapitation. Slices were prepared by free-hand 
section with a razor and were incubated in a Ringer-Krebs-phosphate 
medium (13). Homogenates (1:3) were prepared in various buffers as 
described in the text, either in the Potter-Elvehjem glass homogenizer or 
in the micro cup of the Waring blendor, modified to permit cooling during 
its operation. 

The compounds employed in this study were derived from the follow- 
ing sources: diphosphopyridine nucleotide, adenylic acid, adenosinetriphos- 
phate, and cytochrome from either the Schwarz Laboratories, Inc., or the 
Sigma Chemical Company, a-ketoglutaric acid from General Biochem- 
icals, Inc., purines and pyrimidines from the Schwarz Laboratories, Inc., 
and 2,6-diaminopurine from the Bios Laboratories, Inc. 4-Amino-5-imi- 
dazolecarboxamide was synthesized according to Shaw and Woolley (14)? 

The carboxamide was dissolved in buffer and added usually in 0.5 ml.; 
if possible, all the other additions were made in 0.5 ml. The use of 1 ml. 
of homogenate brought the total final volume to 2 ml. Experiments were 
conducted in 20 ml. beakers in the Dubnoff shaker at 37° in oxygen, and 
at a speed of approximately 120 r.p.m. At the end of the desired period 
of incubation, an equal volume of 10 per cent CCl;COOH was added, and 
the contents of the beakers were centrifuged for 10 minutes at 2200 r.p.m. 
The supernatant fluid was diluted so that 1 ml. contained 5 to 15 y of 
carboxamide. Residual carboxamide was determined by the Bratton-Mar- 
shall sulfonamide method (15), as modified by Ravel, Eakin, and Shive 
(16). The results are expressed as micrograms of carboxamide utilized 
per mg. dry weight of tissue per hour.‘ 


Results 


Experiments performed with rat liver slices, prepared in the standard 
manner and incubated in the Ringer-Krebs-phosphate medium (13), showed 
substantial utilization of the carboxamide. The amounts which disap- 
peared ranged from 0.7 to 1.3 y per mg. per hour, depending largely upon 
the concentration of carboxamide initially present. This vaiue could be 


2 Obtained from the Harvard Biological Laboratories, Cambridge, Massachusetts. 

3 We are indebted to Dr. P. K. Smith of the George Washington University School 
of Medicine and to Dr. J. H. Williams of the Lederle Laboratories Division, Ameri- 
can Cyanamid Company, for very generous samples of this compound, and to Dr. 
D. W. Woolley for a standard. 

‘This method determines the concentration of diazotizable, non-acetylable amine, 
but does not differentiate between the carboxamide and its riboside or ribotide. 
Utilization is therefore used in this paper to represent ring closure, but does not 
indicate whether this is at the free base, nucleoside, or nucleotide level. 
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increased slightly by the addition of 10-? m a-ketoglutarate, in a typical 
experiment from 0.9 to 1.1 y per mg. per hour. 

Homogenates were prepared originally in the medium used by Schulman, 
Sonne, and Buchanan (17) in their studies on hypoxanthine formation by 
pigeon liver homogenates. This is essentially the medium described by 
Greenberg (18), and contains 0.03 m phosphate buffer, pH 7.4, 0.13 m KCl, 
and 0.04 m KHCO;. The final Mg*t* concentration, however, is 0.01 m 
instead of 0.005 m as in Greenberg’s buffer. At an initial carboxamide 
concentration of 100 y per 2 ml. of final volume, and with no supplements 
added, extremely low carboxamide utilization was observed. In a repre- 
sentative experiment, liver slices in a Ringer-Krebs medium utilized 1.1 
y per mg. per hour, and the corresponding value for a homogenate prepared 
from the same liver was less than 0.1 y. This value could be increased by 
the addition of a-ketoglutarate (11) and cofactors such as DPN, ATP, etc., 
to compensate for losses incurred in coenzymes during homogenization. 
However, the increments produced by various supplements were either 
small or poorly reproducible. 

It was felt that the irregularity of the results might be explained by our 
observation that a crystalline deposit, apparently a magnesium phosphate, 
forms in the buffered mixture when it stands for a short period of time 
at room temperature. This precipitate increases considerably with time. 
Therefore, before proceeding with a study of the influence of supplements 
on the rate of utilization of carboxamide, we investigated the effect of 
Mg** concentration. 

Effect of Mg++ and Ca**+—A buffered medium was prepared according to 
Schulman, Sonne, and Buchanan (17), except that Mgt*+ was omitted. 
Homogenates were prepared in this medium, and experimental vessels were 
set up containing 100 y of carboxamide and 10~ M a-ketoglutarate. These 
were supplemented with ATP (10-* m), cytochrome (2 X 10-' m), DPN 
(3.5 X 10-4 m), and nicotinamide (10~ M), arbitrarily chosen concentra- 
tions. Mg++ and buffer were added to provide a final volume of 2 ml. 

The addition of Mgt* had little effect until a concentration of 10-* m 
was reached. This caused a large inhibition (Table I, Experiment 1). A 
similar experiment with 100 y of carboxamide was set up in a Cohen- 
Hayano buffer (19), which contains only 0.013 m phosphate. There was 
utilization even without added Mg**, probably because of Mgt* already 
present in the tissue. However, 10-* m Mg** slightly increased carbox- 
amide utilization; 10-* m Mgt had no effect in this buffer (Experiment 2). 

If the initial carboxamide concentration is increased from 100 to 350 y 
in 2 ml., and 100 y of formate are also added, Mg** gives marked stimula- 
tion in the Cohen-Hayano buffer (Table I, Experiment 3, and Fig. 1). 
Maximal activity is manifested at a Mg** concentration of approximately 








334 4-AMINO-5-IMIDAZOLECARBOXAMIDE. I 
10 m. Activity diminishes as the Mg++ concentration increases, and 
marked inhibition is observed at higher concentrations. All subsequent 


TaBLe | 
Effect of Mg** Concentration on Utilization of Carboxamide by Rat Liver Homogenates 


Each vessel contains 1 ml. of 1:3 liver homogenate, 10-? m a-ketoglutarate, 10-7 
mM ATP, 2 X 10-* m cytochrome, 3.5 X 10-¢ m DPN, and 107 nicotinamide plus 
carboxamide and Mg** as indicated, and buffer to 2 ml. Buffers are prepared with- 
out Mg**; 1 hour incubation at 37°. 





Carboxamide utilized, y per mg. per hr. 

















| 
| 
S | | 
Zz | Molarity of Mg** 
r Buffer Conditions 
4 | | aa bys) 
| 0 
: x x t x x 
E | StRTacralelate 
1 | Schulman-Sonne- (0.72 0.63/0.78/0.80 0.23 | No formate, 100 
| Buchanan carboxamide 
2 | Cohen-Hayano (0.84 1.14 0.89 | " . 
3 - 1. 10)1 .40/2.23/2. 21/1 .93)1 .65}0.93/0.30| 100 y formate, 350 y 
carboxamide 
‘2 
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Fia. 1, The influence of Mg** concentration on the utilization of carboxamide by 
rat liver homogenate. 





homogenate experiments were therefore performed in a Cohen-Hayano 
buffer with 3 X 10-* m Mgt*+. 

Because of the striking effect of Mg++ on this system, the influence of 
Ca**+ was also investigated. Inhibition is clearly evident at 3 « 10-* Mm 
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(16 per cent) and is essentially complete at 5 X 10-* m in the standard 
Cohen-Hayano buffer (Table IT). 

Effect of Coenzymes—The addition of a supplement of coenzymes such as 
DPN and nicotinamide, ATP, or adenylic acid, and, less consistently, cyto- 
chrome, stimulates the utilization of carboxamide. Adenosinetriphosphate 
and adenylic acid, when effective, are interchangeable. This phenomenon 
was observed in the presence of 10-* M a-ketoglutarate or succinate, and 
with or without the addition of 100 y of formate (Table III, Experiments 
1 and 2). Both of these experiments were performed with rather low 
carboxamide concentration, approximately 100 y per 2 ml. As will be 
shown later, carboxamide utilization is greater if the initial carboxamide 
concentration is about twice this value. 


TaBe II 
Effect of Ca++ Concentration on Utilization of Carboxamide by Rat Liver Homogenate 
Each vessel contains 1 ml. of 1:3 liver homogenate in the Cohen-Hayano buffer, 
10-? m a-ketoglutarate, 100 y of formate, 360 y of carboxamide, ATP, DPN, and 


nicotinamide, and cytochrome as in Table I, Ca**, and buffer to 2 ml.;1 hour incu- 
bation at 37°. 


Carboxamide utilized, y per mg. per hr. 





Molarity of Ca** 





0 10-4 | 104 3x 107 | 5 x 104 


2.06 2.03 | 1.94 1.73 | 0.03 











In six separate experiments with a higher initial carboxamide concentra- 
tion of 350 y, supplemented by 10-* m succinate or a-ketoglutarate and 
100 y of formate, the addition of 5 X 10-* m adenylic acid, 2 X 10-* m 
DPN plus 5 X 10-* M nicotinamide, and 2 X 10-* m cytochrome increased 
the carboxamide utilization from 1.38 to 2.15 y per mg. per hour, an aver- 
age stimulation of 56 per cent (Experiment 3). The omission of DPN 
from this mixture produces a more marked effect than does leaving out any 
other component. Thus, in four separate experiments, the average utiliza- 
tion of a completely supplemented system was 1.67 y per mg. per hour. 
When DPN was omitted, the corresponding value was only 1.09 y per mg. 
per hour. 

In some experiments, high carboxamide utilization occurred even without 
the addition of coenzymes. Careful investigation of the cause of this 
variability revealed that stimulation by coenzymes depends chiefly upon 


5 These are the concentrations used in all subsequent experiments unless other- 
wise indicated. 
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the manner of preparation of the homogenates, and presumably upon the 
hydrolytic enzymes released. Thus, in slices where cellular destruction 
is at a minimum, addition of coenzymes does not increase, and may even 
inhibit, utilization of carboxamide (Experiment 4). On the other hand, co- 
enzyme supplements stimulate utilization of carboxamide by homogenates 


TaBLe III 
Effect of Coenzymes on Carboxamide Utilization by Rat Liver Preparations 


























Coenzymes Carbox- 
Experi- amide 
ment utilized, y Tissue preparation Conditions 
No. | arp | aMP | ppn | Syto | Per me. 
1 - - _ | = 0.11 Homogenate made | 100 y carboxamide, 
+ |- + | + | 0.46 in tight homoge- | 10°? m a-ketoglu- 
- + | — | 0.45 nizer tarate; no for- 
| mate 
2 - — - | - | 0.08 sd ad 85 y carboxamide, 
+ - + + 0.72 10-? M a-ketoglu- 
- - + + | 0.31 tarate; 100 y for- 
+ = + {|- | 0.54 mate 
3* - - — | — | 1.38 = ” 350 7 carboxamide, 
- + + | + | 2.15 10-2 m succinate; 
100 7 formate 
+ _ _ ie Rede 1.53 | Slices in Ringer- | 375 y carboxamide, 
_ aa +i+ | 1@ Krebs-phosphate 10-2 m succinate; 
buffer no formate 
- - {/-]|- 1.46 375 y carboxamide, 
_ “+ + | + | 1.27 10-2 m succinate; 
| 100 y formate 
5 - —- | — | — | 1.88 | Tight homogenizer 
| © Lita Oe | 2.61 
i= et Ra Re 2.01 Waring blendor, 1 | 455 y carboxamide, 
— oo + | + | 2.65 min. 10-2 mM succinate; 
100 7 formate 
| me = - |- 2.41 | Loose homogenizer 
- + + + 2.59 




















* Average of five experiments. 


prepared in a tight fitting Potter-Elvehjem glass homogenizer or in the 
micro cup of the Waring blendor; a homogenate prepared from the same 
liver in a very loose fitting glass homogenizer usually shows maximal ac- 
tivity without addition of coenzymes (Table III, Experiment 5). In oc- 
casional instances, as with slices, addition of coenzymes has actually in- 
hibited carboxamide utilization in homogenates prepared in a loose fitting 
homogenizer. 

Effect of Energy Donors—The observation of Schulman and Buchanan 





(6) t! 
liver 
hom: 
rate 

presé 


little 
tide 
Tl 


boxa 


None 
a-Ke 
Suce 
Fum: 
Mala 
Citrs 
Pyru 
Lact: 
Acet: 

Ez 
7 of f 
am i 


M 
350 
tinal 
incre 
of cs 
of 5 
leve 
have 
final 

Ir 
and 
and 
cant 
the 

It 


on 
en 
cO- 
tes 


ide, 
flu- 
for- 


ide, 
slu- 
for- 


ide, 
ate; 


ide, 
ite; 


ide, 
ate; 


ide, 
ite; 


the 
ume 
ac- 
oc- 

in- 
‘ing 


nan 





Z. MILLER AND L. WARREN 337 


(6) that a-ketoglutarate increases the utilization of carboxamide by pigeon 
liver homogenates has been confirmed in our experiments with rat liver 
homogenates. Table IV shows that succinate, fumarate, malate, and cit- 
rate can produce essentially the same effect. The compounds must be 
present at fairly high concentrations; 5 X 10-* m stimulates to essentially 
the same degree as 10-? and 2 X 10-* M, but 10-* m a-ketoglutarate has 
little or no effect. Substitution of DPN by triphosphopyridine nucleo- 
tide does not significantly alter the stimulation by citrate. 

The addition of pyruvate, lactate, and acetate does not influence car- 
boxamide utilization by rat liver homogenate to a significant degree. 











TaBLe IV 
Stimulation of Carboxamide Utilization by Oxidizable Substrates 
Substrate, 107? u Ta mg. 

SY MINI 5:05 an's-¢s ceding ¢ os ragde see ad cheb eSaeeen ea 0.50 
Na 5.2 3s ons oe as wale Pde een Shee eek Rees 1.12 
Succinate........... if aE clic ca sci sau A Al cs ke lade 1.20 
ee i RRak ube eas wine e see 1.24 
Malate..... ee ee Pose ities sere a eh 1.28 
ES EE OS St Pe ere fA Ee 0.97 
Pyravale. ... 6.65. Pe Fe RE ef eT ee 0.54 
ES sa asa lela as6k AGES inv a ea ee oh > iach 0.65 
ON ae eee i EES PETE Le ee ee PE ee ee 0.44 





Each vessel contains 1 ml. of 1:3 rat liver homogenate, 350 y of carboxamide, 100 
7 of formate, 5 X 10-4 M adenylic acid, 2 X 10-*m DPN plus 5 X 10-* M nicotinamide, 
2X 10-* m cytochrome, and buffer to 2 ml.; 1 hour at 37°. 


Methyl Donors—In a system containing 1 ml. of 1:3 rat liver homogenate, 
350 y of carboxamide, 10~? M a-ketoglutarate, adenylic acid, DPN, nico- 
tinamide, and cytochrome, plus buffer to a final volume of 2 ml., formate 
increased carboxamide utilization. In a typical experiment, the utilization 
of carboxamide without formate was 1.62 y per mg. per hour; the addition 
of 50, 300, or 1000 y of formate raised this value to essentially the same 
level, 2.71 y per mg. per hour. In most of our experiments, therefore, we 
have arbitrarily employed a formate concentration of 100 y per 2 ml. of 
final volume. 

Investigation of other possible methy!] donors revealed that methanol 
and formaldehyde are nearly as effective as formate, that pL-methionine 
and pi-serine have considerably less effect, and that choline and betaine 
cannot serve as a source of the necessary additional carbon atom to close 
the carboxamide ring (Table V). 

It is of interest to note that, in a few experiments, addition of energy 
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donors and methy! donors had little or no effect. Furthermore, in these 
experiments the maximal carboxamide utilization tended to be somewhat 
lower than normal. 

Effect of Oxygen—Carboxamide utilization under the conditions defined 
in these experiments is an aerobic phenomenon. No disappearance was 
noted under anaerobic conditions with the usual coenzyme supplement, or 
with 10-* m ATP. 

In most experiments, relatively little carboxamide disappears unless the 
system is supplemented with an energy source, formate or other “methy] 
donor,” and coenzymes. The marked stimulation usually produced by 
formate suggests that the metabolism of carboxamide requires a methy] 


TaBLe V 
Effect of Methyl Donors on Carboramide Utilization 





Carboxamide utilized, | 





Methyl donor 7 permg.dry weight | No. of experiments 
per hr. | 

ee ee 1.06 | 8 
hs al a stead dad ala arene ak | 1.82 8 
Formaldehyde............................. 1.48 5 
Methanol.......... ee See 1.65 4 
ES Re eee eee 1.31 6 
I EE AA oi 5h sid G Tewip sain bcae swe sewn 1.25 6 
NE SIS. os sls cs saa Caw cmamme dba tae 0.86 4 

1.04 4 


NEE SE Gh Khir 4p telg i ghee ebtine ig-au cae ests | 





The conditions are as described in the text. 


donor, and that, in all probability, carboxamide constitutes a purine pre- 
cursor in this, as in other, species. 

It was considered of interest, therefore, to rule out the possibility of a 
simple oxidative disappearance of the carboxamide in rat liver homogenate. 
In Warburg experiments set up exactly as described in the text (Table IV), 
the high endogenous respiration of 1 ml. of 1:3 liver homogenate (500 to 
700 wl. per hour) is further increased 250 to 350 yu). per hour by the addi- 
tion of a-ketoglutarate or succinate. The disappearance of 100 to 200 y 
of carboxamide from this system is not accompanied by any significant 
increase in the oxygen uptake. 

Carboxamide Concentration—Essentially maximal carboxamide utiliza- 
tion is obtained with an initial carboxamide concentration of approximately 
200 y per ml. (Fig. 2). Tripling this concentration does not materially alter 
the amount of carboxamide utilized in the Ist hour of incubation. 

Influence of Purines and Pyrimidines on Utilization of Carboxamide—In 
the presence of 2 X 10-* m adenine, the utilization of carboxamide by rat 
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liver homogenate is inhibited 89 per cent (Table VI). Adenine inhibits 69 
per cent at a concentration of 5 X 10 M, and 12 per cent at 2 XK 10‘ m; 











| 


I 1 
0 250 500 750 
INITIAL CONCENTRATION OF CARBOXAMIDE 
8/ml 


Fig. 2. Dependence of carboxamide utilization on initial carboxamide concen- 
tration. 





8 CARBOXAMIDE UTILIZED/MG/ HR. 


TaBLe VI 


Effect of Purines and Pyrimidines on Carboxamide Utilization by Rat Liver 
Homogenates 


Carboxamide utilized, y per mg. per hr.* 











Supplement Molarity of purine or pyrimidine 
2X 107 5 X 10 2X 10 

OREN PACE ETT Oe ee es 2.00 2.00 2.00 
Pee 0.23 0.62 1.76 
2,6-Diaminopurine. 1.59 1.92 
re ee 2.14 

Hypoxanthine... 2.16 

Cytosine....... 2.07 

Thymine....... 1.98 

Se sg selec: Ge taie se bes 2.12 








The conditions are the same as in Table IV, plus 10-* m succinate. 

* The values in this table represent the average of two to four separate experi- 
ments, in which the controls are arbitrarily set at 2.00 y per mg. per hour and the 
values with purines and pyrimidines are calculated accordingly. 


it has no effect at 2 X 10-° mM. 2,6-Diaminopurine inhibits 25 per cent 
at 2 X 10-* m, but xanthine, hypoxanthine, thymine, uracil, and cytosine 
are either without effect or activate slightly at this concentration. Un- 
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fortunately, guanine could not be studied at these high concentrations be- 
cause of its insolubility. 

Effect of Ribose and Ribose-5-phosphate—The addition of ribose to a com- 
pletely supplemented rat liver homogenate had no influence on carboxamide 
utilization. Ribose-5-phosphate (5 um in 2 ml.) caused only a very slight 
increase, less than 10 per cent, in this fortified mixture.® 


TaBLe VII 
Carbozamide Utilization by Various Rat Tissues 











Tissue ee ee No. of experiments 
NG oh Fae aE ir aa eae esale Oh ees 1.95 48 
MNES oS eclnais aot ce Oba cu eda de begebeeens 0.37 12 
Intestinal mucosa.......................... 0.38 4 
Rc rdf ig at ne ccs saws ae eee 0.24 3 
aa aac a scwisne 5 aeiiouwor eae 0.23 4 
Roo i ord oi os wre rae aloat ea eancicten 0.19 4 


The conditions are the same as in Table IV plus 10? m succinate. 


TaBleE VIII 
Utilization of Carboxamide by Pigeon Liver Homogenates 


[ | 








Carboxamide, 350 7 | mae 7 Formate, 100 y | o-Ketoghutarate, oe Lp, 
+ | - - - | 0.38 
+ | + - - | 0.13 
+ a 4. = 0.38 
+ - — + 0.63 
+ - + + 0.81 
+- + + + 0.28 








* Adenylic acid, 5 X 10-*m; DPN, 2 X 10-4; nicotinamide, 5 X 10-? mM. 1 ml. of 
1:3 liver homogenate in the Cohen-Hayano buffer, final volume 2 ml.; 1 hour at 37°. 
The results represent the average of three experiments. 


Activity of Various Rat Tissues—Of six rat tissues studied in homogenates 
under the conditions described earlier in this paper, only liver showed high 
activity, averaging 1.95 y utilized per mg. per hour in forty-eight experi- 
ments. The activity of spleen, intestinal mucosa, kidney, thymus, and 
brain ranged from 0.37 to 0.19 y per mg. per hour (Table VII). In some 
experiments with brain and thymus, the decrement in carboxamide con- 
centration was so low as to be within the limits of error of the method. 

Other Species—The activity of pigeon liver was determined in three 


6 We are indebted to Dr. Henry Z. Sable for a sample of ribose-5-phosphate. 
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separate experiments. The influence of formate, a-ketoglutarate, formate 
plus a-ketoglutarate, and formate plus a-ketoglutarate plus fortifying com- 
ponents was studied. The degree of conformity observed was excellent. 
Formate and a-ketoglutarate stimulated the utilization of carboxamide; 
addition of fortifying components (adenylic acid, DPN, and nicotinamide) 
inhibited (Table VIII). The average maximal utilization was 0.81 y per 
mg. per hour. No attempt was made to define optimal conditions in this 
system. 

Mouse liver shows activity intermediate between that of pigeon and rat. 
Livers of dba2 mice in a completely fortified system containing 100 y of 
formate, a-ketoglutarate, or succinate, 350 y of carboxamide per 2 ml., 
and adenylic acid, DPN, and nicotinamide utilize carboxamide at the rate 
of about 1.3 y per mg. per hour. 


DISCUSSION 


The results obtained in this study reveal substantial utilization of 4- 
amino-5-imidazolecarboxamide by both liver slices and homogenates. If 
adequately supplemented, homogenates actually metabolize more carbox- 
amide than slices. This is an aerobic reaction, catalyzed by Mgt+, DPN, 
adenylic acid or ATP, and, more rarely, cytochrome. ‘The results suggest 
that carboxamide metabolism is dependent on aerobic phosphorylations. 

The inhibition of carboxamide utilization in vitro by adenine is not 
manifested by the other purines or pyrimidines we have studied. Inhibi- 
tion of nucleic acid synthesis in vivo by adenine has been reported by a 
number of investigators. Goldthwait and Bendich observed that injection 
of adenine into rats profoundly inhibits the incorporation of radioactive 
formate into visceral nucleic acids (10, 20). The effect was manifested 
in vivo at a concentration of 0.20 mm per kilo, or the equivalent of 2 x 10-4 
m. Abrams (21) has also reported inhibition of the synthesis of rat liver 
RNA and DNA purines in vivo by adenine (1.9 mm per kilo), and Skipper 
and his collaborators found that 2 ,6-diaminopurine inhibits the incorpora- 
tion of formate into mouse nucleic acids in vivo (22). Similarly, Balis et al. 
showed that de novo synthesis of purine from radioactive formate by Lacto- 
bacillus casei was inhibited by the addition of either adenine or guanine to 
the medium (23). 

Several investigators have proposed that carboxamide ribosides and ribo- 
tides are formed prior to ring closure of this compound by formic acid (18, 
24-27). The isolation by Greenberg of 4-amino-5-imidazolecarboxamide 
riboside from the culture medium of sulfonamide-inhibited FE. coli (28) and 
the conversion of this riboside to its corresponding ribotide and to inosinic 
acid (29) adequately support this concept. It is conceivable that adenine 
may inhibit a nucleoside phosphorylase required for this reaction. 
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SUMMARY 


1. Rat liver homogenates utilize 4-amino-5-imidazolecarboxamide at the 
rate of approximately 2 y per mg. dry weight per hour. 

2. Metabolism of this compound by homogenates, but not by slices, is 
stimulated by DPN, adenylic acid, or ATP, and in some experiments by 
cytochrome. Stimulation by coenzymes is demonstrable only with ho- 
mogenates prepared in very tight fitting homogenizers. Optimal Mg++ 
concentration is 3 X 10-*m. Ca** inhibits at 5 K 10-* a. 

3. An energy source is essential in this system. Any of the following 
compounds may function in this capacity: a-ketoglutarate, succinate, fum- 
arate, malate, and citrate. 

4, Some ‘“‘l-carbon source” is also required. This can be supplied by 
formate, formaldehyde, or methanol, and, to a lesser degree, by methionine 
and serine. Choline and betaine are ineffective. 

5. Adenine inhibits 69 per cent at 5 X 10‘ m, and 12 per cent at 2 x 
10-* m. At 2 X 10% , 2,6-diaminopurine inhibits 25 per cent, and 
xanthine, hypoxanthine, thymine, uracil, and cytosine are without effect. 

6. Of six rat tissues studied, including kidney, spleen, intestinal mucosa, 
thymus, and brain, only liver shows substantial activity in metabolizing 
this carboxamide. 
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CARBOXYL TERMINAL GROUPS OF PROTEOLYTIC ENZYMES 
I. THE ACTIVATION OF CHYMOTRYPSINOGEN TO a-CHYMOTRYPSIN* 


By JULES A. GLADNER{ ann HANS NEURATH 
(From the Department of Biochemistry, University of Washington, Seattle, Washington) 


(Received for publication, May 25, 1953) 


One approach to the elucidation of the biological activity of proteins in 
structural terms lies in the study of the changes which occur when a bio- 
logically inert precursor of an enzyme is converted to the active form. 
Characteristic and time-honored reactions of this type are the conversion 
of chymotrypsinogen to chymotrypsin and of trypsinogen to trypsin (3). 
These enzyme systems offer several advantages for experimental study: 
(a) precursors and active forms have been crystallized and characterized 
by many methods of protein and enzyme chemistry (3, 4); (b) as far as is 
known, minute changes seem to be involved in the enzymatic activation of 
the zymogens; and (c) the active forms can be readily inactivated by 
chemical means without undergoing perceptible changes in molecular struc- 
ture (5, 6). Since the activation of the zymogens is mediated by specific 
proteolytic enzymes, the product of the activation process may be regarded 
as an enzymatic modification of the parent zymogen, and since one or more 
peptide bonds are presumably opened during the process (3, 7), the active 
form should differ from the precursor in the number or nature of terminal 
groups of the constituent polypeptide chains or in both. Accordingly, an 
attempt has been made to compare the C terminal groups of the zymogen 
before and after activation; to this end, hydrolysis by carboxypeptidase 
was used as an analytical method, as described in detail in this paper. In 
order to avoid general hydrolysis of internal peptide bonds, the active 
proteinases, chymotrypsins and trypsin, were replaced by their inactive 
diisopropyl phosphate derivatives (DFP enzymes). The present paper 
describes the results obtained for chymotrypsinogen and DFP a-chymo- 
trypsin, whereas in papers to follow the results for the DFP derivatives of 
8- and y-chymotrypsin and for the activation of trypsinogen to trypsin 
will be described (8). Interpretation of the present results was greatly 
aided by a contemporary study of Desnuelle and coworkers' (9) of the N 


* Presented before the Forty-fourth annual meeting of the American Society of 
Biological Chemists at Chicago, April 6-10, 1953. A preliminary report of this work 
was published (1, 2). 

t Predoctorate Fellow of the United States Public Health Service. 


1 We are indebted to Dr. P. Desnuelle for an exchange of results prior to publica- 
tion. 
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terminal groups of chymotrypsinogen and DFP a-chymotrypsin and has 
led to a tentative, chemical formulation of the activation process of chymo- 
trypsinogen. 


EXPERIMENTAL 


Materials 


Chymotrypsinogen was obtained from the Worthington Biochemical Lab- 
oratory, Freehold, New Jersey, as a once crystallized filter cake. After 
seven recrystallizations with ammonium sulfate (3), it was dialyzed against 
0.001 m hydrochloric acid until salt-free and lyophilized. The protein was 
electrophoretically and ultracentrifugally monodisperse (10-12). 

DFP a-Chymotrypsin was prepared by the method of Jansen et al. (13) 
from a-chymotrypsin crystallized three times, with chymotrypsinogen as 
starting material. The first crop of crystals of DFP a-chymotrypsin was 
boat-shaped in appearance and after one additional crystallization con- 
tained less than 0.09 per cent active chymotrypsin, when tested against 
acetyl-L-tyrosine ethyl ester (ATEE) as substrate (14). Fractionation of 
the mother liquor remaining after the first crystallization yielded crystals 
indistinguishable in shape from active a-chymotrypsin. These retained 
approximately 2 per cent of chymotryptic activity, as did a sample kindly 
furnished by Dr. E. F. Jansen. All experiments were carried out with 
the boat-shaped crystals. Samples of both types of crystals exhibited the 
sedimentation characteristics described by Schwert (10) for active a-chy- 
motrypsin. 

Carboxypeptidase was prepared by Dr. L. W. Cunningham, Jr.; of this 
laboratory from freshly collected pancreatic juice? according to the method 
of Neurath, Elkins, and Kaufman (15), as modified by Neurath and De- 
Maria (cf. (4)). After five recrystallizations, this preparation showed max- 
imal activity toward carbobenzoxyglycyl-L-phenylalanine (4). 


Methods 


Preparation of Protein Substrates—Salt-free preparations of chymotryp- 
sinogen or DFP a-chymotrypsin were dissolved in 0.001 Nn hydrochloric 
acid and dialyzed for 24 to 36 hours at 4° against large volumes of 
the same solvent to remove any free amino acids or peptides. The protein 
solutions were then adjusted to pH 7.8 and, unless otherwise noted, a suffi- 
cient amount of a 0.1 M solution of DFP in isopropanol was added to estab- 
lish a 100-fold molar excess with respect to the active chymotrypsin. After 
standing for 18 hours at 4°, no residual chymotryptic activity could be 


2 Freshly collected pancreatic juice and ground pancreatic tissue were obtained 
in frozen form through the courtesy of Armour and Company, Chicago, Illinois. 





detec 
of try 
Pri 
eryst 
amin 
lithiu 
ml. 
this r 
subst 
enzy! 
meas 
perio 
Qu 
deter 
ucts, 
0.05 » 
quots 
term) 
acetic 
supel 
tal n 
Beck 
(17) 
pecia 
excey 
amin 
effect 
color 
Qu 
and t 
liber: 
vent 
buffe 
incul 
ing | 
sary, 
junct 
expe! 
of 1¢ 
and | 


30 
meth 


mo- 


Lab- 
fter 
‘inst 

was 


(13) 
n as 
was 
con- 
1inst 
mn. of 
stals 
ined 
ndly 
with 
1 the 
-chy- 


- this 
thod 
| De- 
max- 


tryp- 
lorie 
es of 
‘otein 
suffi- 
stab- 
After 
ld be 


tained 
1018. 





J. A. GLADNER AND H. NEURATH 347 


detected (ATEE as substrate (14)). These solutions were likewise devoid 
of tryptic activity when tested against benzoyl-L-arginine ethyl ester (16). 

Preparation of Enzyme—An aqueous suspension of carboxypeptidase 
crystals was washed four times with distilled water to remove adsorbed 
amino acids and then dissolved with stirring in the cold in 10 per cent 
lithium chloride. Except when otherwise noted, 10-* ma of pure DFP per 
ml. of solution was added, carboxypeptidase being entirely inert toward 
this reagent (8). The final concentration of lithium chloride in the enzyme- 
substrate mixture was usually 0.5 to 1.0 per cent, precipitation of the 
enzyme occurring when the salt concentration was below this range. No 
measurable autolysis of carboxypeptidase occurred during the experimental 
period (8). 

Quantitative Rate Measurements of Total Hydrolysis Products—In order to 
determine the rate of formation of total ninhydrin-positive reaction prod- 
ucts, substrate and enzyme were incubated at 25° in a solution containing 
0.05 m phosphate buffer, pH 7.8, and 0.5 per cent lithium chloride. Ali- 
quots were removed at various time intervals and the enzymatic reaction 
terminated by the addition of an equal volume of 10 per cent trichloro- 
acetic acid (TCA). After 10 minutes standing at room temperature, the 
supernatant fluid was immediately separated by centrifugation at 5°. To- 
tal ninhydrin-positive products were analyzed spectrophotometrically in a 
Beckman model B spectrophotometer, by Troll and Cannan’s modification*® 
(17) of the method of Moore and Stein (18). This method appeared es- 
pecially suited for an unknown mixture of amino acids since, with the 
exception of tryptophan and lysine, equal color yields are obtained for all 
amino acids. The presence of 5 per cent TCA was found to be without 
effect except in the case of tyrosine, which suffered a 25 per cent loss in 
color yield. 

Qualitative Identification of Amino Acids by Paper Chromatography—One- 
and two-dimensional ascending paper chromatography was used to identify 
liberated amino acids, with butanol-acetic acid-water (200:30:75) as sol- 
vent in one dimension and phenol-water (ammonia) in the other. No 
buffers were employed when protein substrates and carboxypeptidase were 
incubated in a constant temperature bath at 25°, but the solution (contain- 
ing lithium chloride) was maintained at pH 7.7 to 7.8 by adding, if neces- 
sary, minute amounts of sodium hydroxide. The glass electrode in con- 
junction with a Cambridge model R pH meter was used. In the initial 
experiments the reaction was terminated by the addition of an equal volume 
of 10 per cent TCA, and, after removal of the protein precipitate, TCA 
and lithium chloride were removed by a modification of the ion exchange 


3 Our thanks are due to Dr. W. Troll for communicating to us the details of this 
method prior to publication. 
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method of Piez et al. (19). This involved, first, treatment of the super- 
natant solution, batchwise, with Nalcite SAR resin (bicarbonate form, 50 
to 100 mesh, 8 per cent cross-linked) until neutral to Congo red paper, 
This removes all traces of TCA. The solution was then treated as de- 
scribed by Piez et al. (19). In later work, the “molecular sieve” method 
of Partridge (20) and Thompson (21) was used and was particularly applied 
to the semiquantitative analysis of liberated amino acids, as described in 
the following section. 

Semiquantitative Determination of Liberated Amino Acids—The enzyme- 
substrate incubation mixture was prepared as described in the preceding 
section. After the desired time intervals, aliquots were removed and pi- 
petted directly on Nalcite HCR ion exchange resin in the hydrogen form, 
15 to 30 mesh, 8 to 12 per cent cross-linked. Enough resin was employed 
to assure a 5-fold excess in adsorption capacity (21), calculated on the basis 
of 2 moles of amino acid per mole of substrate. The resin terminates the 
enzymatic reaction by lowering the pH to 2 to 3. The suspension contain- 
ing the resin was then shaken mechanically for 1 hour, the protein solution 
removed by suction through a fine capillary, and the resin beads washed 
with distilled water until protein-free. Last traces of liquid were carefully 
removed with filter paper. The amino acids were eluted from the resin 
by shaking with 5 N ammonia. Control experiments showed that under 
these conditions adsorption and elution of liberated amino acids were 
quantitative. Aliquots were then pipetted directly on Whatman No. 4 
filter paper and subjected to chromatography. The color was developed 
by means of a spray consisting of 0.1 per cent ninhydrin in n-butanol, 
containing 4 to 5 per cent collidine.t This spray aids in the identification 
of amino acids, since various amino acids produce different colors, ranging 
from yellow through green to purple. Unknown amino acids were identi- 
fied and estimated by comparison with Ry values and color intensities of 
graded dilutions of known amino acids. These estimations were accurate 
to within +10 per cent. Control solutions which contained separately 
substrate and enzyme in the presence of DFP were included and gave con- 
sistently negative results. 


Results 


Rate and Extent of Enzymatic Hydrolysis of Chymotrypsinogen 
and DFP a-Chymotrypsin 
Chymotrypsinogen—In the initial phase of this work, approximately 1 per 
cent solutions of chymotrypsinogen recrystallized seven times were incu- 


4 We are indebted to Dr. J. I. Harris and Dr. A. L. Levy for communicating to us 
this method of color development. 
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bated with carboxypeptidase in the absence of DFP, the substrate-enzyme 
mole ratio being varied within the limits of 100 and 10. A typical curve 
illustrating the rate of formation of ninhydrin-positive materials is shown 
in Fig. 1 (upper curve). Essentially the same curves were obtained regard- 
less of the substrate-enzyme ratio. The reaction appeared to be kinetically 
biphasic, initially rapid hydrolysis of substrate being followed by a linear 
phase of formation of ninhydrin-positive products. Since hydrolysis oc- 
curred even in the absence of carboxypeptidase (lower curve), the presence 
in chymotrypsinogen of sufficient endopeptidase impurities was suspected 
to create continuously new C terminal groups. Activity measurements 


40.2 at 570m 
yp ow pf Ye 








4 8 2 6 20 24 2 32 36 40 
HOURS 


Fig. 1. A typical plot of the rate of formation of ninhydrin-positive products 
(expressed in optical density units at 570 my) on incubation of a 1.0 per cent solution 
of chymotrypsinogen recrystallized seven times with (upper curve) and without 
(lower curve) 0.0805 per cent carboxypeptidase. 


with ATEE as substrate showed indeed that this as well as other prepara- 
tions of chymotrypsinogen recrystallized seven times contained active chy- 
motrypsin, varying from 0.3 to 1 per cent. This was inactivated by the 
addition of DFP, as previously described, and the experiments were re- 
peated. Typical results are shown by the lower two curves of Fig. 2. It 
is apparent that the reaction is essentially complete after about 30 minutes, 
the plateau of the curves corresponding to the liberation of 0.2 to 0.3 
equivalent of amino acid per mole of chymotrypsinogen. No hydrol- 
ysis whatsoever occurred in the absence of carboxypeptidase. Activity 
measurements, with carbobenzoxyglycyl-L-phenylalanine as substrate (4), 
showed that after 3 and 6 hours of incubation with chymotrypsinogen, 
as with all other protein substrates used in this work, carboxypeptidase 
had retained its full activity. 

DFP a-Chymotrypsin—The rate and extent of hydrolysis of DFP a- 
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chymotrypsin by carboxypeptidase in the presence of added DFP are inet 
shown by the upper two curves of Fig. 2. The reaction appears to be sev 
completed in 3 hours and the total ninhydrin-positive products correspond sho 
to approximately 2 (1.9 + 0.1) equivalents of amino acid per mole of DFP anc 
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Fig. 2. Typical plots of the rate of formation of ninhydrin-positive products 
(expressed in optical density units at 570 mz) on incubation of various protein sub- varie 
strates with carboxypeptidase in the presence of DFP. Reading from upper to lower, the 
1.6 per cent and 1.05 per cent DFP a-chymotrypsin, 2.78 per cent and 0.85 per cent wa 
chymotrypsinogen. Carboxypeptidase concentration 0.063 to 0.077 per cent. bo 
’ , ; tai 
seven times was incubated in the presence of DFP for 2 hours with carboxy- Has 
peptidase (substrate-enzyme mole ratio, 32). These spots corresponded to an 
the following amino acids: leucine, tryptophan, valine, tyrosine, alanine, - 
threonine, glycine, serine, and lysine (very faint). When similar experi- pa 
ments were carried out with DFP a-chymotrypsin as substrate (4 hours me 


incubation), very intense spots corresponding to leucine and tyrosine were th 
obtained, a fainter one corresponding to glycine, and fainter ones yet, 


bu 
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incubation (in the presence of DFP) of chymotrypsinogen recrystallized 
seven times with carboxypeptidase (substrate-enzyme mole ratio, 32) are 
shown in Fig. 3. Faint spots are apparent, corresponding in R, values 
and color intensities to the amino acid markers shown in the first column. 
These spots reached maximal intensity after 10 to 20 minutes of incubation. 
Quantitative estimations on paper indicated a maximal concentration of 
3th mole each of leucine and tyrosine per mole of chymotrypsinogen. In 
view of these non-stoichiometric results, the hypothesis was tested that 
chymotrypsinogen contained C terminal groups which are inaccessible to 
carboxypeptidase when the substrate is in the native form, but may become 
available for enzymatic hydrolysis after denaturation. Conditions of de- 
naturation were selected which maintained the protein in a soluble form; 
these included (a) reversible heat denaturation (22) and (b) denaturation 
by acid (3). The following experiments were also designed to remove any 
firmly bound peptide or protein impurities which might have been respon- 
sible for the enzymatic liberation of fractional quantities of amino acids. 

Heat-Denatured Chymotrypsinogen—The preparation of chymotrypsino- 
gen recrystallized seven times was subjected to four additional recrystal- 
lizations, two from alcohol (23), followed by two crystallizations from 
ammonium sulfate. This procedure reduced the chymotryptic activity to 
a minimal level of 0.03 per cent, tryptic activity being entirely absent 
(benzoyl-L-arginine ethyl ester as test substrate). The protein substrate 
was then exhaustively dialyzed against 0.001 N hydrochloric acid and split 
samples were adjusted to 1.25 per cent protein, pH 2.85. One aliquot was 
passed through a column of Dowex 50 resin (hydrogen form, 4 per cent 
cross-linked, 20 to 50 mesh) to remove any peptide impurities, and was 
then treated with DFP prior to enzymatic hydrolysis. The other aliquot 
was subjected to reversible denaturation by heating for 2 minutes in a 
boiling water bath and then immediately cooled in an ice bath and main- 
tained at 4° for 24 hours (22). The solution was then treated in the same 
fashion as the first aliquot. Enzymatic hydrolysis was carried out on both 
samples under exactly identical experimental conditions and maximal con- 
centrations of liberated amino acids were estimated by semiquantitative 
paper chromatography. It was found that the unheated sample yielded a 
maximal level of 135th equivalent each of leucine and tyrosine. However, 
the heat-denatured substrate yielded higher quantities of free amino acids, 
but no stoichiometrically significant end-groups could be found (4th equiva- 
lent each of leucine and tyrosine). This somewhat enhanced reactivity of 
the reversibly denatured protein may be attributed either to hydrolysis 
during heat treatment or to the presence of a protein impurity which re- 
mains irreversibly denatured and thus becomes more susceptible to en- 
zymatic hydrolysis. 

Acid-Denatured Chymotrypsinogen—A solution of chymotrypsinogen re- 


















































I 7 06 6SlUCOChChUC US hCG 
TIME IN MINUTES 


Fig. 3. Ascending paper chromatograms of the reaction products resulting irom 
incubation of chymotrypsinogen recrystallized seven times with carboxypeptidase 
(substrate-enzyme mole ratio, 32), in the presence of DFP. The first column shows 
known amino acids, identified on the left margin, and the succeeding columns the 
corresponding amino acids liberated after periods of incubation of enzyme and 
substrate, shown along the abscissas. Not shown are spot dilutions of known amino 
acids against which the color intensities of the experimental spots were matched. 
This photograph was made from an artist’s drawing; the original paper chromato- 
gram was used to record Rp values and spot areas, and colored photographs of the 
chromatogram to judge spot intensities. 
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Fic. 4. Ascending paper chromatogram of the reaction products resulting from 
incubation of DFP a-chymotrypsin and carboxypeptidase (substrate-enzyme mole 
ratio, 20) in the presence of DFP. For further details see the text and legend to 


Fig. 3. 
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crystallized eleven times was adjusted in the cold to pH 1.1 with hydro- 
chloric acid and allowed to remain at 4° for 48 hours. The solution was 
then adjusted to pH 3.2 and exhaustively dialyzed in the cold against 
0.001 nN hydrochloric acid to remove any dialyzable products. Prior to 
hydrolysis by carboxypeptidase, the substrate solution was treated with 
DFP, as previously described. One-dimensional paper chromatographs 
revealed approximately 4¢th of an equivalent of tyrosine, in addition to 
lesser amounts of the other amino acids found for native chymotrypsinogen, 
but only trace quantities of leucine. 

DFP a-Chymotrypsin—Fig. 4 represents a chromatogram of amino acids 
liberated upon incubation of DFP a-chymotrypsin with carboxypeptidase 
(substrate-enzyme mole ratio, 20) for periods up to 180 minutes. It is 
apparent that leucine and tyrosine are present in the largest quantities and 
approach maximal concentrations after 30 minutes of hydrolysis. The 
maximal color intensity was estimated to correspond to 1 mole each of 
tyrosine and leucine per mole of protein substrate. The next most intense 
spot corresponds to serine-glycine which was resolved on paper by the 
phenol-water (ammonia) solvent system and found to contain largely gly- 
cine and only smaller quantities of serine. The enzymatic rate of forma- 
tion of glycine was considerably slower than that of leucine and tyrosine, 
approaching a maximal value of 0.4 equivalent per mole of. substrate. The 
other amino acids shown in Fig. 4 were present in stoichiometrically insig- 
nificant quantities. This was also substantiated by quantitative column 
chromatography by the method of Moore and Stein (24) of a hydroly- 
sate obtained after 210 minutes of incubation of DFP a-chymotrypsin 
with carboxypeptidase (substrate-enzyme mole ratio, 21.4). The reaction 
products were adsorbed on Nalcite HCR resin, as before, eluted twice with 
5 N ammonia, washed with water, and the total eluate and washings were 
taken down to dryness and then prepared in the usual fashion for col- 
umn chromatography (24). The following amino acids were found in 
the mole ratios indicated: tyrosine, leucine, glycine, serine, threonine 
= 1.0:1.0:0.43:0.18:0.11. Valine was present only in trace quantities. 
These results are in essential accord with the visual estimations of color 
intensities on paper chromatograms and definitely establish tyrosine, leu- 
cine, and glycine as the main products of enzymatic hydrolysis.® 

5 In recent preliminary experiments, a preparation of DFP a-chymotrypsin which 
had been digested for 4 hours by carboxypeptidase and subsequently freed of all 
active enzymes and amino acids, was subjected to a second 4 hour period of digestion 
by freshly added carboxypeptidase. Additional quantities of approximately 0.4 
equivalent each of glycine, serine, and leucine per mole of substrate were maximally 
liberated. Significantly, however, tyrosine was entirely absent, whereas leucine 
began to make its appearance only after about 0.2 equivalent of serine had been 
liberated, suggesting the presence of a second leucine group in the C terminal region 
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DISCUSSION 


Interpretation of the present results in terms of number, nature, and 
distribution of C terminal groups of the protein substrates requires con- 
sideration of the resolving power of carboxypeptidase when applied as an 
analytical tool. 

The primary assumption upon which this method rests is that, in analogy 
to its action on synthetic peptides, carboxypeptidase hydrolyzes in pro- 
teins only C terminal peptide bonds. This assumption is consistent with 
the negative evidence that certain proteins which are apparently devoid of 
N terminal groups, such as myosin (25) and chymotrypsinogen (9), also 
appear to be devoid of C terminal groups when tested with carboxypepti- 
dase. Implicit in this specificity requirement is the conclusion that car- 
boxypeptidase liberates amino acids from polypeptide chains in a sequential 
one by one process. If it is further assumed that the side chain specificity 
of carboxypeptidase toward peptide and protein substrates is the same, 
protein degradation would come to a halt when a C terminal group is 
created which does not conform to the specificity requirements of the 
enzyme.’ 

The relative rates of liberation of amino acids, however, are not neces- 
sarily valid indications of the relative positions of the amino acids along 
the polypeptide chain. This is the case only if in the single polypeptide 
chain the C terminal peptide bond is hydrolyzed more rapidly than the 
adjacent one, and if along the entire chain the constituent amino acids are 
arranged toward the carboxyl end in order of increasing susceptibility to 
hydrolysis by carboxypeptidase. In the converse situation, 7.e. if the 
C terminal peptide bond is hydrolyzed more slowly than the adjacent one, 
hydrolysis of the C terminal bond will be the rate-limiting step and the 
constituent amino acids will be liberated at the same rate. The analysis 
of a process involving more than one polypeptide chain and more than 2 
hydrolyzable bonds is thus uncertain unless auxiliary experimental data 
are available which would permit a differentiation among several permis- 
sible interpretations. 











of one of the polypeptide chains, internal to serine. The significance of these experi- 
ments, which are being continued, for the kinetic and structural analysis involving 
carboxypeptidase and protein substrates will be more fully discussed in a future 
publication. 

6 The lack of reactivity of carboxypeptidase toward myosin has been communi- 
cated to us by Dr. Kenneth Bailey. 

7 This need not be the sole factor responsible for the lack of reactivity of a protein 
substrate toward carboxypeptidase. Thus, intramolecular hydrogen bonds involv- 
ing the potentially hydrolyzable or the secondary peptide bond could likewise be 
rate-contributing factors. These and others will be considered in another publica- 
tion. 
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From an experimental point of view, the complete absence of endopepti- 
dase activity in the enzymatic system is the most critical requirement for 
the analytical use of carboxypeptidase. Since less than 0.1 per cent of 
endopeptidase impurities in the protein substrate still represent substantial 
catalytic amounts, it is clear that the use of specific synthetic substrates to 
assay chymotryptic or tryptic impurities and the use of DFP for inactiva- 
tion of these residual quantities are indispensable aids for purposes of 
enzymatic end-group analysis. It is a fortunate coincidence that DFP is 
without effect on carboxypeptidase. 

With these methodological considerations in mind, we may now attempt 
to interpret the present experimental results as follows: The presence of 
stoichiometrically fractional quantities of any or all amino acids in the 
enzymatic hydrolysate of chymotrypsinogen recrystallized seven times in- 
dicates that the zymogen is devoid of a C terminal group reactive toward 
carboxypeptidase. Since the amount of detectable amino acids becomes 
even less as the chymotrypsin content of the substrate is reduced by addi- 
tional recrystallizations, it appears that the residual reactivity toward car- 
boxypeptidase is due to the presence of DFP a-chymotrypsin. Enzymatic 
degradation of this or other trace impurities may be extensive, since the 
enzyme is in excess with respect to this substrate. Thus, for a 0.2 per 
cent impurity of DFP a-chymotrypsin, the substrate-enzyme mole ratio 
is about 6:100. The present findings, in conjunction with the absence of 
N terminal groups reactive toward dinitrofluorobenzene, are most readily 
interpretable on the assumption that chymotrypsinogen consists of one or 
more cyclic polypeptide chains.’ 

Paper and column chromatography of the products of hydrolysis of 
DFP a-chymotrypsin by carboxypeptidase indicates the liberation of three, 
stoichiometrically significant, amino acids, leucine, tyrosine, and glycine, 
in maximal amounts of 1, 1, and 0.4 mole, respectively, per mole of chymo- 
trypsin. The total of 2.7 moles of amino acids, accounted for by chroma- 
tography, is in fair agreement with 2 leucine equivalents of total ninhydrin- 
positive products, since in the presence of 5 per cent TCA, used as 
precipitating agent, the color yield of tyrosine is only 0.75 leucine equiva- 
lent. 

The presence of two N terminal groups, i.e. alanine and isoleucine (9), 
suggests a like number of C terminal groups. It is probable that one of 
these is leucine and the other one tyrosine, since these two amino acids 


8 This conclusion was anticipated by Northrop, Kunitz, and Herriott ((3), p. 113) 
in discussing the marginal increase in ‘‘non-protein’’ nitrogen during the conversion 
of chymotrypsinogen to a-chymotrypsin: “It is possible, of course, that an acid 
containing no nitrogen is liberated, but no acids of this kind have been detected in 
proteins, and it is much more probable that the reaction is the opening of peptide bonds 
in closed rings’’ (italics not in original text). 
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are liberated most rapidly and in equimolar quantities with respect to the 
substrate. Moreover, as will be discussed below, they conform to the 
specificity requirements of chymotrypsin. However, the data are also 
compatible with the interpretation that tyrosylleucine or leucyltyrosine 
forms the carboxyl end of one polypeptide chain and that glycine, or some 
amino acid which is resistant to carboxypeptidase, occupies the other C 
terminal position. The supposition of a C terminal glycine is weakened, 
however, by the consideration that alanine, which is hydrolyzed from syn- 
thetic peptides at a rate comparable to that of glycine, is fully liberated 
from the C terminal position in insulin within 30 minutes.® 

Pending confirmatory evidence by chemical methods of analysis, the 
simplest interpretation will be tentatively adopted by assigning to leucine 
and tyrosine C terminal positions, with glycine adjacent to one of these. 
All other amino acids that have been identified on paper chromatograms, 
including those which conform better to the specificity requirements of 
carboxypeptidase than glycine (e.g. tryptophan or valine), appear in such 
small quantities and so slowly that their position in the substrate is ques- 
tionable. 

In order to relate the present experimental findings to the nature of the 
activation process leading from chymotrypsinogen to a-chymotrypsin, two 
fundamental assumptions must be made. One of these is that a-chymo- 
trypsin and its DFP derivative are structurally identical (5), with the 
single exception that the latter contains a diisopropyl phosphate group 
which is not attached to a C terminal group. The molecular-kinetic iden- 
tity of these two proteins is strongly suggested by identical sedimentation 
rates (26, 27). The second assumption is that the specificity of trypsin 
and of chymotrypsin toward protein substrates is the same as that toward 
their respective synthetic substrates (4). The best evidence in support of 
this assumption derives from the work of Sanger and coworkers (28, 29) 
involving the use of these enzymes for the partial degradation of the B and 
A chains of oxidized insulin. 

It is generally agreed that the tryptic activation of chymotrypsinogen 
involves the opening of 1 or more peptide bonds (3, 4, 7). However, in 
keeping with the specificity requirements of trypsin, the resulting C ter- 
minal groups should be arginine or lysine rather than those found in the 
present investigation. These, however, should be liberated by carboxy- 
peptidase very slowly, if at all. The present results are in full accord, 
however, with Jacobsen’s interpretation of the activation process (7), ac- 
cording to which the initial tryptic hydrolysis is followed by the chymo- 
tryptic autolysis of an unstable intermediate (x-chymotrypsin). A formu- 
lation of this process, embodying Jacobsen’s data, corrected to a molecular 


® Unpublished experiments by E. W. Davie. 
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weight of 22,500 (10-12), and all available data for tr sninal groups, is 
shown in Fig. 5. 

According to this scheme, the initial tryptic hydrolysis (T;) opens the 
cyclic polypeptide chain of chymotrypsinogen in one position, yielding 
«-chymotrypsin, containing a basic C terminal group and the N terminal 
group N,, isoleucine or alanine (9). Since the second stage (ChT) is auto- 
lytic, involving the opening of 2 additional peptide bonds, C terminal 
groups conforming to the specificity requirements of chymotrypsin must be 
expected. Since there are only two N terminal and two C terminal groups 
in a-chymotrypsin, it follows that the basic C terminal group formed in 
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Fig. 5. Tentative scheme of the activation of chymotrypsinogen to 6- and a- 
chymotrypsin, respectively. For further explanations, see the text. 


the first stage must have been split off in the second stage. Accordingly, 
a second N terminal group, N» (alanine or isoleucine), the two new C 
terminal groups, leucine and tyrosine, and a basic amino acid or a peptide 
containing a basic C terminal group (N,-basic) will result as reaction prod- 
ucts of the autolytic step. Under conditions of higher trypsin concentra- 
tions, the second tryptic activation step (T.) would predominate, yielding 


6-chymotrypsin, containing a second basic C terminal group and one addi- | 


tional N terminal group, N;. According to this interpretation, a- and | fieacle 
6-chymotrypsin should contain one identical and one non-identical N ter- | | 


minal group and two different C terminal groups. 

Molecular weight determinations by sedimentation and diffusion meth- 
ods revealed that the molecular weight of chymotrypsinogen exceeds that 
of the a-chymotrypsin monomer by approximately 1500 (11, 12). Assum- 
ing limits of experimental error of +500, the present formulation is com- 
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Ps, is patible with moi: st weight analyses if it is assumed that (a) the molec- 
ular weight of the basic peptide does not exceed approximately 1000 in 
iS the magnitude, and (b) intrachain linkages, presumably of the disulfide type, 
ding prevent separation of the polypeptide chains of a-chymotrypsin. These 
minal cross links have been indicated in Fig. 5 without regard to number and 
auto- position. 
minal The basic nature of the peptide is in accord with the more acidic iso- 
ist be electric point of a-chymotrypsin as compared to chymotrypsinogen (8.6 
roups and 9.5, respectively (30)). Direct experimental evidence for the forma- 
ed in tion of one or more peptides, which, in contradistinction to the claims of 
Sorm and coworkers (31), have been found to be specifically related to the 
activation process, has been obtained by chromatographic methods. The 
details of this work, including the amino acid composition of these peptides, 
‘ will be reported in a paper to follow. 
ISIC 
This work has been supported by grants from the United States Public 
Health Service and from the Rockefeller Foundation. We are indebted to 
Miss Elaine Cohen for performing the column chromatographic analyses. 
_ Our thanks are due also to Mr. Jack Newby of the Department of Medical 
Photography for preparing the colored photographs of the paper chromato- 
grams, and to Mrs. Helen Halsey of the Department of Medical Illustra- 
tions for preparing the drawings for Figs. 3 and 4. 


SUMMARY 


The effect of carboxypeptidase on chymotrypsinogen and DFP a-chymo- 

ind a- trypsin has been investigated in an effort to determine by enzymatic means 
the C terminal groups of these proteins. Experimental details pertaining 
to the use of carboxypeptidase as an analytical tool are described. The 
results indicate that carboxypeptidase liberates from native or reversibly 
denatured chymotrypsinogen stoichiometrically insignificant quantities of 
amino acids. In contrast, 1 equivalent each of leucine and tyrosine and 
0.4 equivalent of glycine are liberated from DFP a-chymotrypsin. The 
relation of these results to the enzymatic activation of chymotrypsinogen 

_ is discussed, and it is concluded that this process involves the opening of 
_eyclic polypeptide chains of the zymogen, yielding as reaction products 


ingly, 
ew C 
ptide 
prod- 
ntra- 
ding 
addi- 


i - | leucine and tyrosine as C terminal groups of a-chymotrypsin and a basic 
» ter | peptide. 

neth- BIBLIOGRAPHY 

; that 


1. Gladner, J. A., and Neurath, H., Biochim. et biophys. acta, 9, 335 (1952). 

ssuM- | 2. Neurath, H., and Gladner, J. A., Federation Proc., 12, 251 (1953). 

com- | 3. Northrop, J. H., Kunitz, M., and Herriott, R. M., Crystalline enzymes, New 
York, 2nd edition (1948). 











a oe 

































360 C TERMINAL GROUPS. I 


. Neurath, H., and Schwert, G. W., Chem. Rev., 46, 69 (1950). 
. Balls, A. K., and Jansen, E. F., Advances in Enzymol., 13, 321 (1952). 
. Cunningham, L. W., Jr., Tietze, F., Green, N. M., and Neurath, H., Discussions 


Faraday Soc., 18, 58 (1953). 


. Jacobsen, C. F., Compt.-rend. trav. Lab. Carlsberg, Série chim., 26, 325 (1947). 

. Davie, E. W., and Neurath, H., J. Am. Chem. Soc., 74, 6305 (1952). 

. Desnuelle, P., Rovery, M., and Fabre, C., Biochim. et biophys. acta, 9, 109 (1952). 
. Schwert, G. W., J. Biol. Chem., 179, 655 (1949). 

. Schwert, G. W., J. Biol. Chem., 190, 799 (1951). 

. Schwert, G. W., and Kaufman, S., J. Biol. Chem., 190, 807 (1951). 

. Jansen, E. F., Nutting, M.-D. F., Jang, R., and Balls, A. K., J. Biol. Chem., 


179, 189 (1949). 


. Kaufman, S., Neurath, H., and Schwert, G. W., J. Biol. Chem., 177, 793 (1949). 
. Neurath, H., Elkins, E., and Kaufman, S., J. Biol. Chem., 170, 221 (1947). 

. Schwert, G. W., and Eisenberg, M. A., J. Biol. Chem., 179, 665 (1949). 

. Troll, W., and Cannan, R. K., Federation Proc., 10, 260 (1951); J. Biol. Chem., 


200, 803 (1953). 


. Moore, S., and Stein, W. H., J. Biol. Chem., 176, 367 (1948). 

. Piez, K. A., Tooper, E. B., and Fosdick, L. 8., J. Biol. Chem., 194, 669 (1952). 
. Partridge, S. M., Nature, 169, 496 (1952). 

. Thompson, A. R., Nature, 169, 495 (1952). 

. Eisenberg, M. A., and Schwert, G. W., J. Gen. Physiol., 34, 583 (1951). 

. Kunitz, M., J. Gen. Physiol., 32, 265 (1948). 

. Moore, S., and Stein, W. H., J. Biol. Chem., 192, 663 (1951). 

. Bailey, K., Biochem. J., 49, 23 (1951). 

. Smith, E. L., and Brown, D. M., J. Biol. Chem., 195, 525 (1952). 

. Snoke, J. E., cited in Schwert and Kaufman (12). 

. Sanger, F., and Tuppy, H., Biochem. J., 49, 481 (1951). 

. Sanger, F., and Thompson, E. O. P., Biochem. J., 58, 366 (1953). 

. Anderson, E. A., and Alberty, R. A., J. Phys. and Colloid Chem., 52, 1345 (1948). 
. Sorm, F., Keil, B., and Rychik, I., Chem. Listy, 46, 461 (1952). 


(F r 


Me 
biolog 
the ay 
of Te 
cals 

cemic¢ 
acid, 
requi 
ratio! 
and . 
autos 
the ¢ 
inhib 
(3). 

A-me 
tion’ 
of a 

PGA 
assay 


Bi 





ussions 
47), 


(1952), 
Chem., 
(1949). 
Chem 


(1952). 


(1948). 





THE SEPARATION AND DETERMINATION OF 
PTEROYLGLUTAMIC ACID AND RELATED 
COMPOUNDS* 
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(From the Department of Pharmacology, School of Medicine, Western Reserve 
University, Cleveland, Ohio) 


(Received for publication, June 5, 1953) 


Metabolic alteration of certain antagonists of pteroylglutamic acid! to 
biologically utilizable compounds has been postulated as an explanation of 
the apparent ability of these analogues to promote the growth of a strain 
of Tetrahymena (1) and an antagonist-resistant strain of Streptococcus fae- 
calis (2). Direct investigation of the possibility that bacterial and leu- 
cemic cells, which have become resistant to potent antagonists of folic 
acid, are able to alter these compounds to metabolically active derivatives 
required the development of the procedures described herein for the sepa- 
ration of pteroylglutamic acid (PGA) from Aminopterin (4-amino-PGA) 
and A-methopterin (4-amino-10-methyl-PGA). During the use of a bio- 
autographic technique to locate these compounds on paper chromatograms, 
the occurrence of considerable amounts of growth-promoting, as well as 
inhibitory, substances as contaminants in the antagonists was observed 
(3). PGA and pteroic acid were present in samples of Aminopterin and 
A-methopterin in sufficient amounts to account for the apparent “‘utiliza- 
tion” of these antagonists by a strain of S. faecalis (3, 4). The analysis 
of a sample of Aminopterin described herein indicated that the content of 
PGA was 24 per cent by microbial assay and 22 per cent by fluorometric 
assay. 


Methods and Results 


Bioautographic Technique—Growth-promoting and inhibitory compounds 
were located on paper chromatograms by appropriate modifications of the 
bioautographic techniques of Goodall and Levi (5) and Winsten and Eigen 
(6). The paper strips were placed for 10 minutes on the surface of the 
solid medium (folic acid assay medium (7) containing, per 100 ml., agar (1 
gm.) and the washed cells from 5 ml. of a 20 hour culture of S. faecalis 


* This investigation was supported, in part, by a research grant from the National 
Institutes of Health, United States Public Health Service. 

t Present address, Department of Pharmacology, Yale University School of Medi- 
cine, New Haven, Connecticut. 

t Scholar in Cancer Research of the American Cancer Society. 

1 The term pteroylglutamic acid refers to the synthetic compound. 
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(ATCC 8043)). The zones of growth or inhibition were visible after incu- 
bation for 6 hours at 37°, but readings were made after 18 hours. Clear 
zones, indicating the presence of inhibitory compounds, were distinct 
against a background of growth which occurred when PGA was included in 
the medium. When the amount of PGA (1 mygm. per ml.) supported only 
limited growth, both inhibitory and growth-promoting compounds could 
be readily located on a single bioautograph, although zones of growth were 
most distinct when PGA was omitted from the medium. The smallest 
amounts of PGA and Aminopterin causing visible zones were 0.5 and 5.0 
mygm. per 3 inch strip, respectively. The zones became larger as the 
amounts of the compounds were increased until, at an amount of 1 y of 
each compound per strip, the zones of Aminopterin and PGA began to 
overlap. The area actually occupied by the compounds on the paper 
chromatograms is smaller than the area of the zones observed on the bio- 
autographs because of the diffusion of the compounds through the solid 
medium. 

Paper Chromatography—Strips (4 inch in width) and sheets of Whatman 
No. 1 filter paper were developed by descending solvents, which were 
allowed to advance 45 to 50 cm. from the initial location of the compounds. 
None of the organic solvents which have been used for the chromatography 
of pteridines was satisfactory for the resolution of PGA and Aminopterin 
on paper. The systems tested were n-butanol-acetic acid-water, 8:1:1 
(8), n-butanol-morpholine-water, 3:1:3 (8), 2,4,6-collidine saturated with 
water (6), isoamyl alcohol-5 per cent KH,PO, or NasHPO, (9, 10). Adque- 
ous solutions of 5 per cent K,HPO, (10) and 3 per cent NH,Cl (8) gave 
some separation when the amounts of PGA and Aminopterin per strip 
were 50 mygm. or less of each. Solutions of Na,HPO, gave better resolu- 
tion of these compounds than solutions of KHsPO,. A more detailed 
comparison with various phosphate and acetate buffers (0.1 m) showed a 
definite relationship between the pH of the solvent and the movement of 
the compounds on the paper strips (Fig. 1). Good resolution of PGA and 
Aminopterin was obtained with neutral phosphate (0.1 m, pH 6.2 to 7.7) 
or acetate buffer (0.1 m, pH 6.3); as the pH of the acetate buffer was low- 
ered, the relative positions of the two compounds tended to be reversed 
(Fig. 1). A greater mobility of the compounds was obtained with more 
dilute solvents. Aminopterin and PGA were located at Ry 0.22 and 0.41, 
respectively, when the strips were developed with a 0.05 m solution of 
neutral phosphate. When distilled water was used, Aminopterin moved 
to Ry 0.74 and PGA to Rr 0.82. The compounds were eluted readily from 
the paper by distilled water. 

Analogues of PGA of the 4-amino and 10-methyl series were chromato- 
graphed on paper strips with 0.1 m phosphate buffer of pH 7.0 as the 
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neu- | developing solvent. The distribution of the compounds is shown in Table 
‘lear } J, A-Methopterin and 10-methylpteroic acid, which had the same Rr 
tinct | when developed by neutral phosphate, moved at different rates when de- 
ad in 
only 
‘ould pH 
were 88 
illest Ss 
15.0 gi" 

; the 69 
E 
¥ of x 
n to 2 
aper z 
 bio- 
solid 
= 
man S 
were = 
inds, = 
ud PGA 
phy 2 
terin : ¢ 4-NH,-PGA 
: 1 : 1 4 1 ‘ i r i rm 
with Fig. 1. Effect of pH on the separation of pteroylglutamic acid (PGA) from Amin- 
. opterin (4-NH2-PGA) on paper chromatograms. 
.que- 
gave TaBLeE I 
strip | Distribution of Pteroylglutamic Acid, Pteroic Acid, and Their 4-Amino and 10-Methyl 
solu- Analogues on Paper Chromatograms 
ailed Rp 
red a Compound ad nN a ee 
nt of gies wo HE to) foaiurhits ula | Average | _Limits of zone 
. and | mugm. per in. | 
strip | 
i a 100 0.04 (G.) | 0.01-0.10 
low- | Aminopterin.........................| 50 0.16 (I.) 0.12-0.20 
ersed 4-Amino-10-methylpteroic acid........ 100 0.33 (‘) 0.27-0.39 
= | ere wii dass 50 0.37 (G.) 0.30-0.44 
0.41 10-Methylpteroie acid. . it 100 0.54*(I.) 0.47-0.62 
: ; A-Methopterin. . nia 100 0.55*(‘«) 0.48-0.62 
nO" | 10-Methyl-PGA... eee, 0.75 (*) 0.69-0.81 
oved | Citrovorum factor. ................-+- | 50 0.74 (G.) 0.67-0.81 
from SEES eee eee 
The letters in parentheses designate the nature of the zone, G. indicating growth 
asbii and I. indicating inhibition. 
, * With acetate buffer of pH 5.0 as the developing solvent, 10-methylpteroic acid 
s the was located at Rp 0.51 and A-methopterin at Rr 0.68. 
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veloped by acetate buffer of pH 5.0. Citrovorum factor (leucovorin) was 
readily separated from the 4-amino antagonists and from the other com- 
pounds which have activity for S. faecalis, namely PGA and pteroic acid 
(Table 1). The movement of citrovorum factor on the paper is not in- 
fluenced significantly by the pH of the developing solvent (Rr 0.72 with 
0.1 m KzHPO, and R, 0.71 with 0.1 m KH2PQ,). 

Fluorometric Assay—The oxidation of pteroylglutamic acid to an in- 
tensely fluorescent derivative, pteroy]-6-carboxylic acid, was used by All- 
frey et al. (11) as the basis of a quantitative assay of PGA. This method 
has been modified by prolonging the treatment with KMnQ, to 1 hour in 
order to insure complete oxidation of PGA; constant readings were obtained 
with periods of from 1 to 4 hours. Readings were compared with a PGA 
standard within the range of 10 to 100 mygm. per ml., with a Farrand 
fluorometer (model A). The sensitivity of the instrument was adjusted 
so that a solution of quinine sulfate (2.4 y per ml.) gave a galvanometer 
deflection of 70 units. The calculations are based on the assumption that 
1 mole of pteroyl-6-carboxylic acid is derived from each mole of the pteri- 
dine compounds which were studied. Oxidation of citrovorum factor (leu- 
covorin) resulted in the formation of a product which had little or no fluo- 
rescence. 

Solutions of Aminopterin and A-methopterin gave lower fluorometric 
readings than PGA when assayed directly by this method (Fig. 2). After 
hydrolysis in 1 N NaOH for 15 minutes at 15 pounds pressure, Aminopterin 
and A-methopterin gave fluorometric readings which were identical to 
those of equimolar solutions of PGA (Fig. 2). Since the salt resulting from 
the neutralization of the alkaline solutions caused slight quenching of the 
fluorescence (11), the samples and pteroylglutamic acid which was used 
as a reference standard were subjected to identical treatment. In order 
to minimize the quenching effect of the salt, relatively concentrated solutions 
of the compounds were hydrolyzed, then diluted by 1:100 or more before 
oxidation with permanganate. 

Microbial Determination of Pteroylglutamic Acid Activity—Turbidimetric 
readings of the growth of S. faecalis (ATCC 8043) after incubation for 20 
hours in 10 ml. of the assay medium (7) were made in a Klett-Summerson 
colorimeter with filter No. 66. A sample of pteroylglutamic acid was used 
as a reference standard. The alkaline treatment described above did not 
alter the microbial potency of PGA (Fig. 3). The product of the alkaline 
treatment of Aminopterin had the same microbial potency as PGA (Fig. 3). 

Analysis of Aminopterin—Several of the antagonists of PGA have been 
shown to contain growth-promoting compounds as contaminants (3, 4). 
The Aminopterin which is presently available contained both PGA and 
pteroic acid. A sample of Aminopterin was analyzed by the methods 
described above, with the results which are shown in Table II. Aminop- 











teri 
inck 


(=) 
soli 
dire 
ter 
Flu 
a SC 


Ar 
anc 
bic 
fro 


8. F. ZAKRZEWSKI AND C. A. NICHOL 365 


was terin (100 y) was chromatographed on each of two sheets (18 x 22} 


com- inches) of Whatman No. 1 filter paper. The compounds were located on 
acid 
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microbial procedures. The eluate from the Aminopterin zone of a dupli- 
cate sheet which was rechromatographed and assayed in the same manner 
contained considerably less PGA than the commercial material (Table IT). 
Purification of Aminopterin was attempted with columns of cellulose pow- 
der (Whatman, standard grade). Aminopterin (3.0 mg.) was loaded on a 
cellulose column (3.5 X 50 cm.) which was developed with 0.05 m phos- 
phate buffer of pH 7.5. Fractions of the effluent between 610 and 790 ml. 
contained PGA (about 20 per cent of the material). Fractions between 


TABLE II 


Analysis of Commercial and Chromatographed Aminopterin by Fluorometric and 
Microbial Assays 
































Assay of eluates obtained from 
PAI Ree | ; 
Am . Am 
Section eluted cumaanill apude | Pera ces 
Compound eluted* | 
— | Microbial | Fluore | wicrobial 
| ' 
Rr Per cent starting material 
Pteroie OCId... 05... cicceees 0 -0.12 1.1f 0.9f 
Aminopterin.................. 0.12-0.30 | 64 73 88 95 
BRE ik WEG Wisaliide aside ttioty 0.30-0.53 24 22 1.3f 0.2 
Inactive microbially...........| 0.53-1.0 2.6f 3.4f 
ME Si cian aves. sede kee 91.7 95 93.6 95.2 


* Identification based upon the Ry of the individual compounds. 
+ These amounts are calculated from low fluorometric readings and therefore are 
somewhat less accurate than the other tabulated values. 


1010 and 1620 ml. contained Aminopterin, which was shown by microbial 
assay to contain 1.2 per cent PGA. 


DISCUSSION 


None of the 4-amino antagonists of PGA which are presently available 
is suitable as a reference standard for microbial or fluorometric assays, 
since they have been shown to contain several components (3). PGA is 
the main contaminant in Aminopterin, although pteroic acid is present as 
well. The main contaminant in A-methopterin is 10-methyl-PGA; it also 
contains small amounts of 4-amino-10-methylpteroic acid, Aminopterin, 
and PGA (3). The 4-amino compounds are oxidized by KMnQ, to a 
product which has a lower intensity of fluorescence than the product de- 
rived from PGA by similar treatment (Fig. 2). Seeger et al. described a 
procedure for the alkaline hydrolysis of Aminopterin to PGA; similar treat- 
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ment of A-methopterin yielded 10-methyl-PGA (12). The hydrolysis of 
Aminopterin described here yielded a material which had the same mi- 
crobial potency as PGA. The methyl group present in the 10 position of 
hydrolyzed A-methopterin did not prevent the oxidation of this compound 
to a product which had the same intensity of fluorescence as the product 
derived from PGA (Fig. 2). This procedure is applicable to PGA, pteroic 
acid, and their 4-amino and 10-methyl analogues, which can be separated 
clearly on paper. The method is discussed in detail with respect to PGA 
and Aminopterin, since the separation of the 4-hydroxy and 4-amino com- 
pounds is a more critical test of the procedure than is the separation of 
compounds of less similarity in structure. 

The presence of a large amount of PGA in the commercial grade of 
Aminopterin obviously complicates studies of possible mechanisms of re- 
sistance to the antagonist. Considerable purification of the compound 
was effected by chromatography on paper sheets or cellulose columns, but 
small amounts of PGA remained following such procedures. Sufficient 
amounts of PGA and pteroic acid have been demonstrated to be present in 
a number of antagonists (3, 4), for which deamination and demethylation 
steps were postulated, to account for the apparent utilization of these 
antagonists by a resistant strain of S. faecalis (2) and by Tetrahymena 
gelit (1). The methods described here are being applied to studies of the 
mechanisms involved in the development of resistance to folic acid ana- 
logues by bacterial and leucemic cells. 


SUMMARY 


Pteroylglutamic acid and its 4-amino analogue (Aminopterin) can be 
separated by paper chromatography, depending upon the pH of the aqueous 
solvent. A fluorometric assay of Aminopterin and A-methopterin involves 
(a) alkaline hydrolysis, which replaces the amino group in position 4 with 
a hydroxyl group, and (b) oxidation with KMnO, to a product, presumably 
pteroyl-6-carboxylic acid, which has the same intensity of fluorescence as 
the product derived from PGA by similar treatment. This procedure is 
applicable to PGA, pteroic acid, and their 4-amino and 10-methyl ana- 
logues. 

Analysis of a sample of Aminopterin showed that it contained PGA to 
the extent of 24 per cent, by fluorometric assay, and 22 per cent by mi- 
crobial assay. The significance of the presence of growth-promoting com- 
pounds as contaminants in the antagonists is discussed with respect to 
concepts of the biological utilization of these antagonists. 


Pteroylglutamic acid and its analogues which were used in this investi- 
gation were generously supplied by the Caleco Chemical Division of the 
American Cyanamid Company. 
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THE BEHAVIOR OF THE ORGANIC ACIDS AND STARCH 
OF BRYOPHYLLUM LEAVES DURING CULTURE IN 
CONTINUOUS LIGHT 


By HUBERT BRADFORD VICKERY 


(From the Biochemical Laboratory of The Connecticut Agricultural Experiment 
Station, New Haven, Connecticut) 


(Received for publication, June 22, 1953) 


When leaves of Bryophyllum calycinum are picked at daybreak and 
cultured in water in darkness, certain changes in composition occur that 
are not observed in such leaves when they are exposed to the normal 
diurnal alternation of light and darkness. In effect the leaves are exposed 
to a night period of abnormal length and the stresses that are thus set up 
give rise to reactions the ultimate physiological expression of which seems 
to be the early initiation of a reproductive phase. The formation of roots 
at the indentations of the margins of the leaves is stimulated and becomes 
detectable at the end of about 75 hours. Continued culture in darkness 
promotes the rapid growth of these roots and the ultimate formation of 
numerous plantlets. 

The outstanding chemical changes that have been observed (1) are a 
rapid and continuous drop in the quantity of malic acid, a prompt but 
moderate decrease in isocitric acid which takes place during the first 24 
hours but does not continue thereafter, and an increase in citric acid which 
is maintained for about 60 hours. The net result is the loss of about one- 
third of the ether-soluble organic acids initially present and this is ac- 
companied by an increase in pH. Provided that the starch content is 
low at the beginning of the experiment, it is possible to demonstrate the 
formation of a small quantity of this substance (1, 2). 

A somewhat similar sequence of events occurs in leaves picked in the 
afternoon at the time of high starch content and low acidity if the culture 
period in darkness is prolonged beyond the length of a normal night (2). 
Although the changes in composition at first follow those seen in leaves 
exposed to the normal diurnal alternation of light and darkness (3, 4), 
the changes that subsequently occur resemble those just mentioned. 

The outcome of these experiments aroused interest in the behavior of 
Bryophyllum leaves exposed to an abnormally prolonged period of illumina- 
tion. This is a situation that could not occur in a state of nature save in 
arctic regions, and is one which would presumably subject the leaves to 
stresses of a unique kind. The responses elicited may be expected to throw 
some light on the capacity of the organic acid components to undergo 
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chemical change and thus lead to a better understanding of the main func- 
tions of the enzyme systems involved. It was a matter of particular con- 
cern to discover whether or not isocitric acid would share in the expected 
transformations of the organic acids. This substance remains unchanged 
in quantity during normal diurnal variations of illumination. 

Leaves collected at daybreak were chosen for the experiment in order 
to establish with the material studied that the usual enrichment in starch 
and loss of organic acids would take place during a period that corresponds 
to that of anormal day. A test of the adequacy of the illuminating equip- 
ment to bring about these changes was thereby also afforded. 


EXPERIMENTAL 


The plants were derived from the clone that has been studied in this 
laboratory for a number of years and were grown in sand with the use of 
a complete culture solution (5). Collection was begun at 5.00 a.m., May 
23, 1951 (sunrise 5.27 a.m.), and ten samples of 60 leaflets each were taken 
by the statistical method (6) from the top three pairs of fully developed 
five-leaflet leaves on twenty plants. The fresh leaf control sample was 
placed in the drying oven at 6.00 a.m., this being taken as the zero time 
of the experiment. The remaining samples were placed in V-shaped cul- 
ture troughs close under a bank of fluorescent lights in 4 room with con- 
trolled temperature and humidity, this operation being completed by 6.50. 
The intensity of the light at the surface of the leaves was approximately 
750 foot-candles. Sufficient water to immerse the petioles was added to 
each trough as soon as the leaves were arranged, the petioles being held 
securely in place by means of a glass rod. The temperature of the room 
was adjusted to 20°, and the relative humidity to 50 per cent; however, 
the temperature directly under the lights was a little higher and varied 
with the operation of the cooling equipment between the limits of 21° 
and 26°. Individual samples were removed at the times indicated in Table 
I and were prepared for analysis by being dried at 80°. The tissue was 
then broken up, equilibrated at 24° and 50 per cent relative humidity, and 
ground in a Wiley mill. The samples were stored in closed bottles in the 
air-conditioned room and were analyzed by methods outlined in an earlier 
publication (7); isocitric acid was determined as described by Hargreaves, 
Abrahams, and Vickery (8). 

The initial and final weights of the samples and some of the analytical 
data are shown in Table I. The coefficient of variation of the fresh weight 
(1.8 per cent) furnishes a measure of the accuracy with which the samples 
duplicated each other in initial weight, and the similarly low coefficients 
of variation of the nitrogen content and ash, as calculated in terms of gm. 
per kilo of initial fresh weight, indicate that the composition was satis- 
factorily constant. The protein nitrogen also remained constant at 2.02 + 
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0.024 gm. per kilo, the coefficient of variation being 1.2 per cent. The 
higher coefficient of variation (2.4 per cent) of the equilibrated dry weight 
arises in part from the fact that the samples increased in organic solids 
during the experimental period, as is shown by the figures in the 8th 
column. 

The data in the 9th column show that synthesis of starch followed the 
expected course in the early hours of the experiment and that the illuminat- 


TABLE I 


Analytical Data on Samples of Excised B. calycinum Leaflets Collected by Statistical 
Method and Subjected to Culture in Water in Continuous Light 






































Per sample Per kg. initial fresh weight 
Culture period Equili- | Equili- | 
weight | weight y wh | Nitrogen) Ash | Organic) starch 
| atstart | at end weight mH | 
hrs. gm. gm. gm. gm. | gm. | gm. gm. gm. 
0 170.6 | 170.6 | 20.58 | 120.6 | 2.35) 10.3 100.2 | 12.7 
5 174.8 | 177.2 | 21.37 | 122.2 | 2.42) 10.3 | 100.9] 14.1 
10 169.2 | 172.8 | 20.65 | 122.1 2.43) 10.1 102.7 | 24.4 
15 | 174.2 | 175.0 | 21.58 | 123.9 2.45 | 10.5 | 104.3 | 28.5 
20 175.6 | 172.2 | 22.02 | 125.4 2.41 10.0 | 106.1 | 29.7 
26 170.0 | 166.7 | 21.47 | 126.3 2.44 | 10.3 | 107.2) 29.1 
32 171.6 | 165.5 | 21.73 | 126.6 . 2.51 10.2 | 106.7 | 28.3 
38 171.1 161.6 | 21.77 | 127.2 2.49 | 10.4 107.6 | 27.8 
50 166.0 | 156.1 | 21.53 | 129.7 2.50 | 10.2 | 109.1 | 29.8 
64 167.9 | 150.8 | 21.62 | 128.8, 2.43] 10.7 | 108.5 | 27.6 
ee ee SS aen eee Wane ait a [a * 
Mean.......... | 171.1 125.3 2.44| 10.3 
Standard devi- | 
ation......... +3.08 +3.0 , +0.048) +0.19 
Coefficient of 
variation, %.. 1.8 2.4 2.0 1.8 


ing equipment was therefore adequate. The starch content of these sam- 
ples was initially somewhat high. Sets of samples of Bryophyllum leaves 
collected at daybreak on different occasions may vary between fairly wide 
limits in starch content, possibly because of variation in such factors as 
the weather conditions during the days preceding collection or the tempera- 
ture of the greenhouse during the night. Observations in the range from 
2.2 to 13 gm. per kilo of initial fresh weight have been made. The upper 
limit attained after illumination under normal conditions also varies, figures 
in the range between 20 and 32 gm. per kilo having been obtained in sam- 
ples collected in the afternoons of sunny days. 

The general behavior of the carbohydrates of the leaves collected for 
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the present experiment is shown in Fig. 1. Photosynthesis obviously took 
place at a moderately rapid rate during the first 20 hours, as is indicated 
by the increase in organic solids plotted as gm. per kilo of initial fresh 
weight at the top of the figure. However, the broken line, which shows 
the fresh weight of each sample at the expiration of the experimental 
period as a percentage of the initial fresh weight of that same sample, 
furnishes a clear indication of the physiological stress which was initiated 
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Fia. 1. Organic solids, starch, and soluble carbohydrates of leaves of B. calycinum 
cultured in water in continuous light for 64 hours. 


when the period of illumination began to exceed that of a normal day. 
Excised leaves of Bryophyllum exposed to the normal alternations of light 
and darkness do not change notably in fresh weight for several days but 
retain their turgidity and general appearance of health. In the present 
case, however, the leaves increased slightly in fresh weight during the first 
10 hours, presumably mainly through the uptake of a little water, and then 
began to lose in fresh weight, so that after 20 hours a few leaves showed 
evidence of flaccidity. This effect became increasingly severe and, at the 
end of the experimental period, almost all of the leaves were notably flac- 
cid, although there was no evidence of chlorophyll degeneration and the 
protein nitrogen was not affected. Unfortunately, a sample was not ex- 
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posed to darkness at the end of the period of illumination in order to dis- 
cover whether irreversible damage had been done to the enzymatic sys- 
tems in the cells. 

The curve for the starch content (Fig. 1) shows that, although there was 
an initial period of 5 hours when synthesis of starch appeared to have 
been somewhat sluggish as compared with rates (approximately 1 gm. per 
hour per kilo of fresh weight (4)) that have been observed in leaves exposed 
to the more intense illumination of a greenhouse, the rate of synthesis 
during the second 5 hour period was high, being maintained at 2 gm. per 
hour per kilo. The maximum of nearly 30 gm. of starch per kilo was 
reached in 20 hours and compares favorably with the starch content ob- 
served in samples of Bryophyllum leaves collected from greenhouse plants 
in the afternoon of sunny days. 

After 15 hours of illumination, the starch content of the leaves remained 
essentially constant. The fluctuations in the seven samples taken from 
the 15 hour point to the end of the experiment at 64 hours amounted to 
only +3 per cent of the mean amount of starch present, a variation that 
is commensurate with, although probably at the upper limit of, the experi- 
mental error of the determination. It seems evident therefore that, under 
continuous illumination, starch accumulates in Bryophyllum leaves and is 
subsequently maintained at a limit that is presumably determined by 
physiological conditions within the cells of the particular sample under 
study. It is possible that the minor variations in starch content that were 
observed may have been in part related to the small variations in the actual 
temperature of the leaves during the experiment. It was impossible with 
the available equipment to keep the leaves at a fixed temperature. 

The curves in the lower part of Fig. 1 show the behavior of the simple 
carbohydrate components. The material recorded as “total soluble” car- 
bohydrate represents the reducing power, calculated as glucose, of an ex- 
tract of the tissue after treatment with invertase. It includes true glucose, 
sucrose (which remained constant), and the unfermentable carbohydrate, 
an analytical component that represents the reducing power, calculated 
as glucose, of a solution that has been treated with yeast. The total sol- 
uble carbohydrate is plotted on a scale five times larger than the starch 
and follows an interesting bimodal curve. It accumulated during the first 
10 hours, owing presumably to the formation of glucose, then diminished 
as synthesis of starch continued, and finally increased again during the 
interval from 24 to 50 hours when both glucose and starch remained es- 
sentially constant. During this period, unfermentable carbohydrate was 
formed in an amount that corresponds to the increase in total soluble car- 
bohydrate. It seems reasonable from the correspondence in magnitudes 
to assume that this increase in unfermentable carbohydrate is also corre- 
lated with the increase in organic solids which occurred at the same time. 
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The behavior of the organic acids is shown in Fig. 2. The change in 
pH follows a course during the first 15 hours of the experiment which is 
precisely that to be anticipated from the well known effect of diurnal vari- 
ation of light on the acidity of the leaves of this species. It is to be noted, 
however, that the increase in pH began sluggishly, exactly as was observed 
for the beginning of the increase in starch, but then rose rapidly as synthe- 
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Fig. 2. Organic acids of leaves of B. calycinum cultured in water in continuous 
light for 64 hours. 


sis of starch proceeded with maximal intensity. After the expiration of 


15 hours, the pH followed a somewhat irregular course, rising and falling 
through intervals of about 0.3 unit; that is, by amounts that would seem 
to be greater than can be attributed to experimental error. 

The explanation of this behavior is apparent from the curve for the total 
organic acids. After an initial sluggish drop, the total organic acids de- 
creased rapidly, so that after 20 hours they had attained a level that was 
about 60 per cent of the amount originally present. This level was main- 
tained until the end of the experiment although with fluctuations that 
amounted to +6 per cent of the mean quantity present. 
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The determinations of total ether-soluble organic acids in the present 
experiment were carried out by a newly improved technique. Examina- 
tion of the differences between independently obtained duplicate deter- 
minations on each sample showed that these differences had a standard 
deviation in terms of a single determination of 3.2 m.eq.; in other words, 
the precision of a single determination at the mean level of organic acids 
present after the initial drop was approximately 1 per cent. Accordingly, 
in spite of the fact that a small sampling error (Table I) is included, there 
seems good reason to attribute significance to the observed variations in 
total acidity. Comparison of the curve for pH with that for the total 
organic acids shows that the variations in these two quantities are faith- 
fully reflected in each other. The correlation coefficient between the data 


TaBLeE II 


Correlation Coefficients between Changes in Quantity of Certain Pairs of Components 
of Bryophyllum Leaves Cultured in Continuous Light 


r* 
RE 820. SS... SER ea +0.965 
teh I I WB ic asd 5.0 550s aa sis Sis Senn eneeabes tana —0.969 
“4 ” a ER Ry eRe ee OEM nee | —0.981 
2 ve Fee Sr DG 2 as oe akiole oS stuag tee ee ee Oo +0.996 
NN NE A MII 5 5 ose oo oS 20's 6050.09 vale rade Reoaeeeed —0.989 
ea Souls (aka cab cea een maine s tee —0.661 





* Correlation coefficient, r = 0.872 for probability P = 0.001 with 8 degrees of 
freedom; r = 0.632 for P = 0.05 with 8 degrees of freedom. 


for pH and those for total organic acids was accordingly calculated (Table 
II) and found to be —0.969; the probability that this is the result of chance 
is considerably less than 1 in 1000 (r = 0.872 for P = 0.001 with 8 degrees 
of freedom). Since determinations of pH are entirely independent of de- 
terminations of total acidity by titration, the argument that the small fluc- 
tuations in acidity observed are real is thus a strong one. 

In further support of this belief, the correlation coefficient between the 
total organic acidity and starch was also computed. It was found to be 
—0.981 (Table II), and the inference is clear that there is a sensitive re- 
lationship between the organic acids and the starch under the conditions 
of the experiment. However, no statement can be made in explanation 
of the minor fluctuations of both starch and organic acids observed after 
20 hours save to point out that there were uncontrolled variations of a 
few degrees of temperature of the leaves. 

The results of the detailed examination of the organic acids are plotted 
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in the lower part of Fig. 2. Aside from a small temporary decrease in 
undetermined organic acids early in the experiments, malic acid was the 
only component which underwent conspicuous change. Table II shows 
correlation coefficients computed from the data for several of the pairs of 
components. It is obvious that most of the variation in pH and in total 


organic acids arose from changes in the quantity of malic acid and that 


these changes closely reflect the variation in the starch. The correlation 
coefficients between these sets of data are all significant well beyond the 
0.001 point. 

The behavior of the citric acid, however, provides an exception, for the 
correlation with the behavior of the starch was significant only at the 5 
per cent point. In previous experiments on the diurnal variation of acidity 
in Bryophyllum under greenhouse conditions, a correlation between the 
variation of citric acid and that of starch significant at the 0.001 point has 
been observed (4). It would appear, however, that so close a relationship 
is not invariably seen. 

Special importance should be attached to the observation that isocitric 
acid underwent no material change. A single point at 15 hours showed 
a slight elevation of doubtful significance. However, the subsequent data 
decrease in a manner suggestive of an over-all loss of about 7 per cent of 
the isocitric acid initially present; nevertheless, this is evidence of at most 
a minor utilization of isocitric acid during the period in which the leaves 
were subjected to stress. 


DISCUSSION 


That the diurnal variation of acidity in B. calycinum leaves is accom- 
panied by a complementary variation in starch content was first made clear 
by the investigations of Wolf (9) and has been amply confirmed by subse- 
quent workers (3, 4, 10). Direct qualitative evidence that radioactive 
carbon dioxide absorbed in darkness by this species is assimilated into the 
organic acids has been obtained by Thurlow and Bonner (11) and also by 
Varner and Burrell (12). The latter workers have further shown that, if 
leaves which have taken up radioactive carbon in darkness are then il- 
luminated in the absence of the isotope, extensive labeling of the starch 
can promptly be detected, although they observed no significant labeling 
of starch in leaves maintained in darkness. The evidence thus seems con- 
clusive for the transformation of malic acid into starch when Bryophyllum 
leaves are subjected to illumination. 

The present data afford an opportunity to test whether or not this 
transformation is quantitative. If so, it should be possible to show that 
all of the carbon of the malic acid that disappeared in the early hours of 
the experiment is accounted for by the carbon of the starch that was 
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formed. The calculation is given in Table III. The molar ratio of the 
carbon of malic acid which disappeared to that of the starch formed was 
0.77. However, it is to be noted that there was an increase in organic 
solids which amounted to 4.1 gm. during the first 15 hours. If it is as- 
sumed that this quantity represents starch that was photosynthesized, and 
if 4.1 gm. are accordingly deducted from the total increase in starch, the 
remainder should be that part of the starch which arose from the transfor- 
mation of malic acid. When this correction is made, the ratio of the molar 
quantities of carbon is 1.04. The ratio reaches the theoretical value for 
quantitative transformation (1.00) if it is assumed that about 0.5 gm. of 
the 4.1 gm. of photosynthesized material represents products other than 
starch, a not unreasonable assumption. In any case, the close approach 


TaBLe III 


Relationship between Carbon of Malic Acid That Disappeared and That of Starch 
Formed during First 16 Hours of Experiment 








A substance} A carbon A carbon Ratio 
gm. gm. mM 
Decrease in malic acid..................... 14.99 5.365 447.1 
Increase in starch. ...................0000% 15.75 6.994 582.8 0.77 
” «corrected for photosyn- 
thesis of 4.1 gm. organic solids...........| 11.65 5.174 431.2 1.04* 

















* Similar calculations at the 10 hour point give a ratio of 1.02, and at the 20 hour 
point 1.06. 


of the ratio to the theoretical value when the data for starch are corrected 
for the presumed photosynthesis affords strong support for the hypothesis 
that malic acid is quantitatively transformed into starch when Bryophyllum 
leaves are exposed to light. In view of the absence of information regard- 
ing the detailed functions of the enzyme systems active in the leaves of 
this species, speculation on the chemical mechanisms involved is at present 
premature. 

The important point in connection with the present experiment is, how- 
ever, the behavior of starch and of malic acid in the period after about 15 
hours of illumination. The data suggest that there is a definite limit to 
the quantity of starch that can be formed. When collected at sunrise, the 
leaves contained 264 m.eq. of malic acid per kilo of fresh weight. After 
15 hours of illumination, only 15 per cent of this quantity remained, the 
mean value being 45.9 m.eq. Fluctuations of the order of +30 per cent 
of this mean value occurred during the rest of the experimental period. 
Notwithstanding the fact that these fluctuations are not well correlated 
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with those of the starch in the same interval,! the behavior is consonant 
with the view that a reversible reaction or series of reactions had been 
driven to an extreme position which was maintained only by the continuous 
influx of light energy. Under such circumstances, the system would be 
expected to be particularly sensitive to alterations in other conditions 
such as minor changes in temperature. 

Exactly what determines the upper limit to the quantity of starch that 
can be formed, aside from the practically complete exhaustion of the supply 
of malic acid, is by no means clear. The photosynthetic mechanism might 
be expected to provide for a more or less continuous although slow forma- 
tion. On the contrary, after 24 hours of illumination, there seems to have 
been a change in the nature of the photosynthetic product which accumu- 
lated. Notwithstanding that the starch content underwent small fluctu- 
ations, the main event appears to have been the formation of unfermentable 
carbohydrate, although a limit to the quantity of this component synthe- 
sized seems to have been approached at 50 hours; subsequently there was 
a fall in total soluble carbohydrate and in unfermentable sugar. Whether 
or not the enzyme systems in the leaves had at this time been driven to 
what may be regarded as a “breaking point,” 7.e. whether irreversible 
damage had been initiated, will require the study of leaves cultured in 
light for an even more prolonged period. 

The increase in unfermentable carbohydrate that began after 25 hours 
of culture in light led to an inquiry into the identity of the sugar which 
then began to accumulate. The recent work of Benson et al. (13) on the 
nature of the carbohydrates formed in the early phases of photosynthesis 
drew attention to the possibility that the substance might be sedoheptulose 
or ribulose, and the well known presence of the former sugar in succulent 
plants suggested an examination of these later samples for heptose. 
Through the courtesy of Dr. E. Racker of the Department of Biochemistry 
of Yale University, a new method to determine hepteses, developed by 
Dr. Z. Dische of Columbia University, was made available, and Dr. Dische 
kindly consented to its use in advance of publication. The data obtained 
are shown in Table IV. The coefficient of correlation between the data 
for heptose and for unfermentable sugar (3rd and 4th columns) is 0.903, 
and, accordingly, since r = 0.882 for P = 0.02 with 4 degrees of freedom, 
the chances are less than one in fifty that the similarity between the slopes 
of the respective curves (Fig. 1) that represent these data is fortuitous. 


1 The correlation coefficient between the data for malic acid and for starch in the 
period from 15 to 64 hours is —0.51, which is not significant even at the 10 per cent 
level (r = 0.67 for P = 0.1 with 5 degrees of freedom). However, the variations in 
apparent starch content were close to the limits of accuracy of the analytical method, 
and thus a close correlation could scarcely be expected. 
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The differences between the data at each point for these two components 
are shown in the last column. There is no indication of a sequential 
change, and the figures are constant with a mean value of 0.96 + 0.15. 
This suggests that, within the limits of accuracy of the respective analytical 
methods for heptose and for unfermentable sugar and with consideration 
of the other experimental errors involved, the fraction designated as un- 
fermentable sugar consists of at least two components, one of which re- 
mains essentially constant and the other, which is a heptose, increased 
during the late period of the culture in light. That the newly synthesized 
heptose is sedoheptulose rather than some other 7 carbon sugar is at pres- 




















TaBLe IV 
Effect of Culture of B. calycinum Leaves in Continuous Light upon Content of Heptose* 
Time of culture Heptose — Difference 
hrs. per coatt ~" perry Me gm. per kg. gm. per kg. 
0 0.31 0.37 1.24 0.87 
26 0.53 0.67 1.55 0.88 
32 0.68 0.86 2.01 1.15 
38 0.96 1.22 2.18 0.96 
50 1.43 1.85 2.98 1.13 
64 1.50 1.93 2.70 0.77 
We. SL a4 oe OVI A BIR A ok Pie 0.96 + 0.15 








* Method of Z. Dische (unpublished). 

+ Grateful acknowledgment is made to Dr. G. de la Haba of the Department of 
Biochemistry, Yale University, for the quantitative information obtained with 
solutions of pure sedoheptulose from which these data were calculated. 


ent an assumption, although this seems likely. The precise identification 
of the sugar must await examination by more specific methods. 

The failure of citric acid to change in conformity with the change in 
malic acid in the present experiment is of interest; it diminished slowly and 
in a somewhat irregular manner by about 30 per cent of the quantity 
initially present. In marked contrast, when Bryophyllum leaves are main- 
tained in darkness, citric acid increases continuously. Under normal con- 
ditions of diurnal alternation of light, citric acid undergoes changes that 
follow those of the malic acid (3, 4) and there is much evidence in the 
literature to indicate that this behavior is usually observed (14, 15). Nev- 
ertheless, in an early experiment with plants from the same clone as that 
used in the present study (10), a case was encountered in which the diurnal 
variation of citric acid was unusually small. It may be pointed out that 
the intensity of the light to which the present samples of leaves were ex- 
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posed was low in comparison with daylight illumination in the greenhouse 
and may not have been sufficient to elicit a pronounced response from the 
mechanisms which affect the quantity of citric acid. Alternatively, it is 
not impossible that the continuous loss of citric acid may have been an 
expression of the physiological stress to which the leaves were subjected. 
However this may be, the suggestion is implicit in the present observation 
that citric acid is not necessarily in the main pathway of the enzymatic 
reactions that bring about the synthesis of starch from malic acid in this 
species. Further experimentation will be required to decide the matter. 

Previous studies of the behavior of isocitric acid during normal diurnal 
variation of illumination have shown that this substance takes no detect- 
able part in the changes of the organic acids. Accordingly, the observation 
that there was no significant change in the content of isocitric acid during 
the first 24 hours of the present experiment is not surprising. It is of 
interest that there was no subsequent change, save for a small continuous 
loss after the leaves had passed into a stage at which evidences of phys- 
iological stress were becoming increasingly apparent. Isocitric acid is 
promptly called upon when Bryophyllum leaves are exposed to the stresses 
occasioned by exposure to an abnormal period of darkness. However, 
it does not seem to be involved to any important extent in the reactions 
brought about by prolonged exposure to light. The evidence that iso- 
citric acid is not in the main pathway of the reactions concerned with the 
interconversion of malic acid and starch is thus becoming more and more 
impressive. 


Grateful acknowledgment is made to Dr. Israel Zelitch for the determina- 
tions of heptose, to Marjorie D. Abrahams, Katherine A. Clark, and Laur- 
ence S. Nolan for technical assistance, and to the Department of Genetics 
of this Station for the use of the illuminating equipment. 


SUMMARY 


Leaves of Bryophyllum calycinum picked at sunrise at the time of high 
acid and low starch content were exposed to continuous illumination for 
64 hours. After about 20 hours, the leaves began to lose water and be- 
come flaccid; about 10 per cent of the fresh weight had been lost at the 
end of the experiment. 

An increase in organic solids was observed which continued, although 
at a diminishing rate, for about 50 hours. Starch accumulated rapidly 
for 15 to 20 hours and was then maintained, with minor fluctuations in 
amount, at a high level. Glucose accumulated in small amount for 10 
hours and then diminished to a level that was subsequently maintained. 
Unfermentable carbohydrate remained constant for 26 hours but then 
slowly increased, owing to the formation of a heptose sugar. The pH 
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increased rapidly for 15 hours and the total organic acids diminished for 
the same period, the change being almost entirely due to the decrease in 
malic acid. During the rest of the experimental period, the total organic 
acids, malic acid, pH, and starch underwent only minor fluctuations in 
the amounts present. Citric acid diminished to a small extent through- 
out the period studied but isocitric acid remained essentially unchanged. 

The behavior of the starch and malic acid is closely correlated and, if 
correction is made for the production by photosynthesis of a quantity of 
starch equal to the increase in organic solids, the molar relationship be- 
tween the carbon of the starch and that of the malic acid is such as to indi- 
cate quantitative interconversion during the first 20 hours of the experi- 
ment. 

The formation of a heptose late in the experimental period at a time 
when accumulation of starch had ceased is in accordance with observations 
in the literature that sedoheptulose is a product of photosynthesis. How- 
ever, no explanation can at present be advanced to account for the change 
in the nature of the photosynthetic product which accumulated as the 
exposure to light was prolonged. 

Additional evidence has been secured that isocitric acid is not directly 
involved in the transformation of malic acid to starch in this species under 
the influence of light. 
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ACETOACETATE CONVERSION TO FATTY ACIDS IN LIVER: 
THE ROLE OF INSULIN AND THE NUTRITIONAL 
STATE OF THE ANIMAL* 
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(From the Department of Physiology of the University of California School of Medicine, 
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It has been generally assumed that ketone bodies are generated in the 
liver and utilized in extrahepatic tissues. Recent findings, however, indi- 
cate that their utilization is not confined to extrahepatic tissues. Thus 
the incorporation of acetoacetic acid carbons into cholesterol by rat liver 
was observed by Brady and Gurin (1) and by Curran (2). The latter 
showed, in addition, the oxidation of acetoacetate to COr. 

Another phase of acetoacetate utilization by liver is dealt with in the 
present investigation; namely, its conversion to long chain fatty acids. 


EXPERIMENTAL 


Labeled Acetoacetate—Ethy| acetoacetate-3-C™ was synthesized by the 
method of Riegel and Lilienfeld (3). We are indebted to Dr. W. G. Dau- 
ben, Dr. H. L. Bradlow, and Miss Mildred Gee for making this compound 
available to us. 

When acetoacetic acid was used as substrate, it was prepared from the 
ester as follows: The ester was hydrolyzed in 0.3 N NaOH for 6.25 hours 
at 25° (4). Equimolar amounts of NaOH and ethyl acetoacetate were 
used. The ethyl alcohol formed in the hydrolysis was not removed. 

Treatment of Animals—Normal rats were fed ad libitum either a fat- 
free diet containing 60 per cent glucose or Purina laboratory chow for 3 
days before they were sacrificed. The composition of the former diet has 
been described elsewhere (5). The Purina diet contains about 55 per cent 
carbohydrate and about 7 per cent fat. 

Several normal rats were fasted for 18 or 24 hours before they were sacri- 
ficed; these were fed the 60 per cent glucose diet for 3 days before the start 
of the fast. 

Rats were made diabetic by a single intravenous injection of alloxan 
monohydrate! (Eastman) (40 mg. of alloxan per kilo of body weight). 
Food and water consumption, weight changes, and urine excretion by the 

* Aided by a grant from Eli Lilly and Company. 

! Our thanks are due to Mr. John W. Bauman for the preparation of the diabetic 
rats. 


383 











384 ACETOACETATE CONVERSION TO FATTY ACIDS 


diabetic rats were measured daily for at least a month after the injection. 
All diabetic rats manifested a fasting blood sugar of 200 mg. per cent or 
higher within 6 days before they were sacrificed. They were maintained 
on an adequate stock diet until 3 days before they were sacrificed. During 
the last 3 days they were fed the 60 per cent glucose diet (5). Seven of 
the diabetic rats were injected subcutaneously, at 48 hours and again at 
24 hours before they were sacrificed, with 50 units of protamine zinc in- 
sulin (Lilly) per kilo of body weight; 2 hours before sacrifice each was 
again injected subcutaneously with 50 units of unmodified insulin (Lilly) 
per kilo of body weight. 

Incubation Procedure—The animals were sacrificed by a blow on the 
head, and their livers were quickly excised and placed in cold (2-3°) Krebs- 
Henseleit bicarbonate buffer (6). The livers were sliced free-hand with a 
razor blade. 500 mg. of randomized slices from a single liver were incu- 
bated in 5 ml. of the buffer containing various substrates, as shown in 
Tables I to III. Incubation was carried out for 3 hours at 38°; the gas 
phase consisted of 95 per cent O. and 5 per cent CO». Further details of 
the incubation procedure have been described elsewhere (7). 

In experiments involving acetate as substrate, sodium acetate was dis- 
solved in the bicarbonate buffer (pH 7.4) so as to contain 120 um per ml., 
and 0.5 ml. of this solution was added to each incubation flask which al- 
ready contained 4.5 ml. of buffer. 

Analytical Procedure—The alkali in the center well of the incubation 
flask was transferred to a volumetric flask along with six water washes. 
The CO, content was determined as described elsewhere (8). 

1 ml. of 90 (gm. per volume) per cent KOH and 6 ml. of 95 per cent 
ethanol were next added to the main compartment of the flask. The tis- 
sues were hydrolyzed on a steam bath for 6 hours. A glass bubble stopper 
was used for condensing the evaporated alcohol; this kept the alcohol con- 
centration essentially constant. The alkaline hydrolysate was extracted 
for 72 hours with petroleum ether in a liquid-liquid Soxhlet apparatus. 
This process removed the non-saponifiable fraction. 

The alkaline hydrolysate was then treated by either of two methods. 
Method I involved (1) acidification of the hydrolysate, (2) extraction of the 
fatty acids from the resulting precipitate with acetone and acetone-ether, 
(3) evaporation of the extract to dryness under a CO, atmosphere, (4) solu- 
tion of the residue with petroleum ether, (5) drying the petroleum ether 
extract over anhydrous Na.SQ,, (6) evaporating aliquots of the latter ex- 
tract to dryness under reduced pressure, and (7) finally combustion of the 
residue to COs. 

In Method II, the alkaline hydrolysate was treated with CuSO,-Ca(OH), 
to precipitate fatty acids of 12 carbons or more (9). The fatty acids were 
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then extracted from this precipitate as described by Brady and Gurin (10). 
In both methods the fatty acids were converted to CO, by the method of 
Van Slyke and Folch (11), and the collected CO» was converted to BaCQOs. 
The C™ content of the latter was determined as described elsewhere (8). 
In Experiment 2, the two methods were compared. Table I shows that 


TaBLeE I 
Effect of Fasting and Feeding on Acetoacetate Utilization for Fatty Acid and CO, 
Formation by Liver Slices 

500 mg. of liver slices were incubated with 5 ml. of Krebs-Henseleit bicarbonate 
buffer (6) in a single flask. The contents of two flasks were combined for analysis. 
Incubation for 3 hours at 38°. The substrate was either ethyl acetoacetate-3-C™ 
(AAE) or acetoacetate-3-C' (AAA). The specific activity of each substrate was 
1.23 X 104 e.p.m. per micromole. 
































| Per cent, Be 
= are onerne te g carbon incor- 
z Rat No. | Treatment before sacrifice Substrate a. asciet ia* porated into 
bs — Fatty Fatt 
a COs acids COs acids 
1 1 60% glucose diet* AAA-3-C' 16 12 | 1.1 | 1.9] 0.18 
= 16,17 | 2.1 0.27) 0.034 
2 60% = a " 16 13 1.3 | 2.1] 0.21 
™ 1.6} 18 | 2.9 | 0.29) 0.046 
3 60% = . 24 28 12 | 6.4 | 3.4/1.8 
4 60% ? “¢ 41 2.6) 2.0 | 1.1 | 0.82 
5 Purina chowt - 50 6.6) 1.2 | 3.3 | 0.60 
6 oi = a 50 7.0, 2.0 | 3.5} 1.0 
7 = “2 AAE-3-C"4 31 5.2} 4.0 | 1.6] 1.2 
8 es ig “ 31 3.8] 2.5 | 1.2 | 0.78 
9 wi ~ . 31 4.6) 2.3 1.4 | 0.71 
10 Fasted 18 hrs.t AAA-3-C4 28 8.9) 0.23 | 2.5 | 0.064 
2§| 11-13]] | 60% glucose diet* ne 29 11 | 6.6 | 3.2) 1.9 
11-134 | 60% ie . ti 29 13 | 7.9 | 3.8 | 2.3 
14-16]| | Fasted 18 hrs. - 29 5.1) 0.014) 1.5 | 0.0041 
14-169 si | ae ™ 29 5.7) 0.010) 1.7 | 0.0029 
3| 17 ” las AAE-3-C4 31 5.6} 0.11 | 1.7 | 0.034 
18 Sy rg ” 31 6.9} 0.11 | 2.1 | 0.034 
19 60% glucose diet* " 31 8.7) 5.1 2.7 | 1.6 
20 60% ° Py + 31 9.3} 2.1 2.9 | 0.65 





* Fed for 3 days before the rats were sacrificed. 

¢ Raised on Purina laboratory chow. 

t All the fasted rats recorded in this table were fed the 60 per cent glucose diet 
before the start of the fasting period. 

§ Duplicate flasks for each liver of Rats 11, 12, and 13 were incubated. Single 
flasks from each of the animals were combined and analyzed by Method I (desig- 
nated by ||), and the duplicate flasks were combined and analyzed by Method IT 
(designated by 4). 
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the values obtained by Method II were somewhat higher than those ob- 
tained with Method I. The Method IE was therefore used in all experi- 
ments except for Experiment 1. 


Results 
Utilization of Acetoacetate by Livers of Normal Fed and Normal Fasted Rats 


In Table I we have compared the incorporation of C' of added acetoace- 
tic acid-3-C" or ethy] acetoacetate-3-C™ into CO» and fatty acids by liver 
slices prepared from rats which, before they were sacrificed, were either (1) 
fed a high glucose diet or Purina laboratory chow, or (2) fasted for 18 or 
24 hours. The conversion of the carbonyl carbon to COs» by liver is con- 
firmed (2). It is clear, in addition, that this carbon of acetoacetate is in- 
corporated into fatty acids. The extent of this incorporation, however, is 
dependent upon the nutritional state of the rat. The incorporation was 
slight in the experiments with fasted livers, but considerable in those with 
the livers of fed rats. When the amount of acetoacetate added to the flask 
was about 30 um, as much as 8 per cent of the added C"* was recovered in 
fatty acids. 

According to Weinhouse and Millington (12), the rate of endogenous 
acetoacetate formation in liver slices prepared from fasted rats is only 
about twice that in slices prepared from fed rats. It seems unlikely that 
a difference in the extent of dilution of the added acetoacetate by endog- 
enously formed acetoacetate could account for a more than 10-fold differ- 
ence in recoveries of fatty acid-C“ observed in the experiments with fed 
and fasted rats. 


Utilization of Acetoacetate by Livers of Fed Diabetic Rats and Insulin-Treated 
Fed Diabetic Rats 


In the experiments with diabetic livers, the amount of labeled aceto- 
acetate added to each bath was about 30 um (Table IT). All rats were fed 
the 60 per cent glucose diet for 3 days before they were sacrificed. The 
liver of the diabetic rat loses, to a great extent, the capacity to incorporate 
the carbonyl carbon of acetoacetate into fatty acids, and this capacity is 
restored to the diabetic rat by insulin injection. The importance of this 
pathway in acetoacetate utilization, provided optimal conditions are pres- 
ent, is brought out in the experiments with four diabetic rats in which in- 
sulin was injected. Thus, in one case (Rat 24), as much as 19 per cent of 
the added C™ was recovered as fatty acids. 


Comparison of Acetoacetate and Acetate Utilization by Liver Slices 


Curran (2) has reported that, after alkaline hydrolysis of ethyl acetoace- 
tate-3-C™, 2 to 3 per cent of the C™ can be recovered in the form of acetate. 
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Under the conditions of hydrolysis carried out here, it was also observed 
that about 3 per cent of the C' of the ethyl acetoacetate-3-C" is recover- 
able in a steam-distillable fraction. Since the acetate that may have 
been so formed was not removed before the addition of the hydrolyzed 
product to the incubation flask, it is necessary to consider the possibility 
that the fatty acid-C' and C™“O, recovered in such experiments were de- 
rived from the contaminating acetate rather than from the added aceto- 
acetate. The results of experiments bearing on this point are shown in 
Table III. When acetate-1-C™ was incubated with liver slices (Rats 28 


TaBLeE II 
Utilization of Acetoacetate for Fatty Acid Synthesis and CO, Formation by Livers of 
Fed Diabetic Rats and Effect of Insulin on This Utilization 
500 mg. of tissue were incubated in 5 ml. of buffer (6) in a single flask. The con- 
tents of two flasks were combined for analysis. Incubation for 3 hours at 38°. The 
substrate was acetoacetic acid-3-C"™; specific activity, 9.85 X 10* ¢.p.m. per uM. 




















: - Microatoms added 
um labeled Insulin injected ea g y oe 
Rat No. jacetoacetic acid incorporated into 
added per flask - 
Days | Units per COs Fatty acids CO: Fatty acids 
21 32 None 2.0 0.13 0.64 0.042 
22 32 | “ 5.6 0.23 1.8 0.074 
23 32 as 6.2 0.29 2.0 0.093 
24 28 2 44 10* 2.6 19 0.73 5.3 
25 32 2 | 9* 3.9 5.9 1.2 1.9 
26 32 3 | ue 6.1 6.6 2.0 2.1 
27 32 2 | 13* 4.3 6.4 1.4 2.0 


























* In addition to the amounts of protamine zine insulin listed above, each rat also 
received 10 units of unmodified insulin 2 hours before it was sacrificed. 


to 30), about 10 per cent of the added C' was recovered as fatty acids 
and about 50 per cent as CO». In these experiments 60 um of acetate 
were added to each flask. In the experiments carried out by Lyon et al. 
(13), 5 um of acetate were added to each flask, and in this case about 25 
per cent of the added C'™ was recovered as CO, and about 25 per cent as 
fatty acids. Let us now assume that, in the experiment in which the hy- 
drolyzed substrate was used, 3 per cent of the C'‘ was present as acetate. 
Then, on the basis of the two levels of acetate noted above, it can be cal- 
culated that an incorporation to the extent of 0.3 to 0.8 per cent of the in- 
cubated C"™ into fatty acids could have occurred as a result of free acetate 
present in the hydrolysis mixture. By a similar calculation, the limits for 
CO, would be from 1.5 to 0.8 per cent, respectively. These figures are 





TABLE 


III 


Ttilization of Acetoacetate and Acetate by Liver Slices Prepared from Fed, Fasted, 
Diabetic, and Insulin-Injected Diabetic Rats 


500 mg. of liver slices were incubated with 5 ml. of Krebs-Henseleit buffer (6) in 
1 single flask. The contents of each flask were analyzed separately. The values 
given in this table are averages of duplicate flasks. 
When ethyl acetoacetate (AAE) is listed as substrate, 30 um were added to the bath. 
When acetate (Ac) is listed as substrate, 60 um were added to the bath. The specific 
activity of the ethyl acetoacetate-3-C' was 5.30 X 10% c.p.m. per uM; that of the 
acetate-1-C'™ was 580 c.p.m.per uM. 


Incubation for 3 hours at 38°, 





Rat 
No. 


3 


_ 


33 


34 


35 


36 


Per cent added C™ 


Microatoms added 








State of animal ica imitans “corporated nto. 
Labeled Unlabeled | CO, | Fatty | co, | Fatty 
Normal fed* AAE-3-C™4 None 7.3 2.9 2.2 | 0.87 
“ Ac 6.3 2.1 1.9 | 0.63 
Ac-1-C# None | 49 12 29 7.2 
in AAE 29 7.9 17 4.7 
wn = AAE-3-C'# None 8.5 3.2 2.6 | 0.96 
a Ac 5.5 1.7 1.7 | 0.51 
Ac-1-C™# None | 54 7.7 | 32 4.6 
- AAE 28 6.3 17 3.8 
“ AAE-3-C'4 None 8.5 3.7 2.6 | 1.1 
si Ac 6.4 2.5 1.9 0.75 
Ac-1-C"' None | 46 11 28 6.6 
- AAE 31 8.9 19 5.3 
Fasted 24 hrs. AAE-3-C# None 2.6] 0.11 0.78 | 0.033 
3 Ac 2.1! 0.074} 0.63 | 0.022 
Ac-1-C™ None | 20 0.10 | 12 0.06 
oe AAE 7.5) 0.11 4.5 0.07 
= ee AAE-3-C™ None 2.6 | 0.16 0.78 | 0.048 
- Ac 1.7| 0.24 0.51 | 0.072 
Ac-1-C™ None | 16 0.00 9. 0.00 
w AAE 7.5 0.57 4.5 | 0.34 
* £9 AAE-3-C'# None 3.4] 0.21 1.0 | 0.063 
° Ac 1.6 0.12 0.48 | 0.036 
Ac-1-C# None | 20 0.029 | 12 0.017 
a AAE 9.2] 0.32 5.5 | 0.19 
Diabetic fed AAE-3-C™ None 6.4 | 0.45 1.9 | 0.14 
Ac 4.6 | 0.33 1.4 | 0.099 
Ac-1-C™ None | 39 0.59 | 23 0.35 
“ AAE 18 0.79 | 11 0.47 
“ - AAE-3-C'# None 7.4) 0.65 2.2 | 0.20 
2 Ac 4.6 | 0.57 1.4 | 0.17 
Ac-1-C"# None | 36 0.35 | 22 0.21 
" AAE 19 7 11 1.0 
as - AAE-3-C'4 None 3.1] 0.049] 0.93 | 0.015 
" Ac 2.0} 0.045] 0.60 | 0.014 
Ac-1-C'# None | 27 0.10 | 16 0.06 
a AAE 8.9 | 0.37 5.3 0.22 
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Tas_eE LI I—Concluded 




















Substrate pus ane eae o pons po ey 
eg State of animal corporated into 
Labeled Unlabeled | CO: | Fatty | co, | Fatty 
37 | Diabetic fed and in- | AAE-3-C™% None 3.5 | 3.2 1.1 | 0.96 
sulin-injected Ac 2.8 | 2.5 0.84 | 0.75 
Ac-1-C# None | 18 6.6 11 4.0 
- AAE 8.0} 5.6 4.8 | 3.4 
38 ° - AAE-3-C™ None 2.0} 2.4 0.60 | 0.72 
se Ac 1.6} 2.3 0.48 | 0.69 
Ac-1-C'# None 7.2 }-12 4.3 | 7.2 
‘6 AAE 3.1] 6.0 1.9 | 3.6 
39 " Me AAE-3-C4 None 3.0] 1.9 0.90 | 0.57 
e Ac 2.4] 2.0 0.72 | 0.60 
Ac-1-C™ None | 14 16 8.4 | 9.6 
- AAE 6.3 | 4.4 3.8 | 2.6 

















* Rats referred to as fed received the 60 per cent glucose diet for 3 days before 
they were sacrificed. 


undoubtedly high, for Table III shows that, in the presence of ethyl 
acetoacetate, the conversion of acetate to CO, and fatty acids is de- 
pressed. Obviously the contaminating acetate will not account for the 
high recoveries of fatty acid-C' and CO, reported in Tables I and II. 
Evidence in support of this view is provided by the experiments with the 
ethyl ester of acetoacetate. These show unequivocally that the carbonyl 
carbon of acetoacetic acid can be incorporated into long chain fatty acids 
by liver slices. 

To compare the utilization of acetate and acetoacetate in liver, experi- 
ments were carried out with liver slices prepared from (1) normal fed, (2) 
normal fasted, (3) fed diabetic, and (4) insulin-treated fed diabetic rats. 
Separate portions of the liver from each rat were incubated with the follow- 
ing substrates: (1) labeled acetate alone, (2) labeled ethyl acetoacetate 
alone, (3) labeled acetate plus unlabeled ethy! acetoacetate, and (4) labeled 
ethyl acetoacetate plus unlabeled acetate. 

It is clear from the results recorded in Table III that the carboxyl carbon 
of acetate is more readily utilized for CO and fatty acid formation than is 
the carbonyl carbon of acetoacetate. This was generally the case regard- 
less of the state of the rat from which the liver had been taken. 

It is of interest that, in the presence of the unlabeled acetate, the incor- 
poration of the labeled carbonyl carbon of acetoacetate into CO. was re- 
duced. Likewise, in the presence of the unlabeled ethyl ester, the CO, 
recoveries from acetate-1-C' were lowered to a pronounced degree. The 
same effects were observed in the case of fatty acid-C" recoveries with the 
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livers of the fed and insulin-injected diabetic rats. The possible signifi- 
cance of these interrelations is discussed below. 

Table III also brings out a similarity in the utilization of acetate and 
acetoacetate for fatty acid formation. Thus both substrates were more 
readily utilized for this purpose by the liver of the normal fed rat than by 
that of the normal fasted rat. The utilization of both substrates for fatty 
acid synthesis was depressed in the diabetic liver. Insulin injections re- 
stored to normal the extent of incorporation of the C' of acetate-1-C™ and 
of ethyl acetoacetate-3-C™ into fatty acids by the diabetic liver. 


DISCUSSION 


Evidence hitherto available indicated that acetoacetate (AAA) can serve 
as a precursor for the synthesis of cholesterol but not for the synthesis of 
long chain fatty acids (1, 2, 14, 15). But it is shown here that fatty acid 
formation does represent a significant pathway in the utilization of AAA 
carbon by liver slices. The results obtained can leave no further doubt 
that the carbonyl carbon of AAA can be incorporated into long chain fatty 
acids by the liver. The extent of this incorporation, however, is dependent 
upon the state of the animal. It occurs more readily in the liver of the 
normal fed rat than in livers of normal fasted or diabetic rats. Previous 
insulin injections completely restored to the diabetic liver the capacity to 
convert readily the carbonyl carbon to fatty acids. The microatoms of 
carbonyl] carbon of the added AAA converted to fatty acids are shown in the 
last two columns of Tables I to III. These values are minimal for the 
conversion of the carbony! carbon of AAA, for they do not take into account 
the utilization of endogenously formed AAA or AAA initially present in 
the slices. 

A possible pathway for the incorporation of acetoacetate carbon into 
fatty acids would appear to be via cleavage into C, fragments. That this 
may occur is indicated by the finding that the carbonyl carbon was con- 
verted to CO.. It has recently been shown that the enzyme systems re- 
quired for the conversion of acetoacetyl coenzyme A to the metabolic equiv- 
alent of acetate (acetyl coenzyme A) are present in liver (16). 

When Buchanan et al. (17) incubated either acetoacetate-1-C"™ or -3-C" 
with liver slices, no randomization of the isotope between the carbony] 
and carboxy! carbons of the recovered acetoacetate was observed. In this 
laboratory we have also examined the possibility of randomization among 
acetoacetate carbons. Acetoacetate-3-C™ was incubated with liver slices 
(fed and fasted rats were used) for 1.5 hours under the conditions described 
in Table IV, and the C" recovered in respired CO, and in the carboxyl 
carbon of AAA was measured at the end of the experiment. The method 
employed for determination of the C' content of the carboxyl carbon has 
been described elsewhere (18). The data of Table IV indicate that little, 
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if any, randomization occurred under our experimental conditions. Al- 
though these observations may be considered as indicating that AAA is 
incorporated into fatty acids as an intact 4-carbon unit, they do not ex- 
clude the possibility that the sequence of reactions is such that C, frag- 
ments, if formed, are unable to recondense randomly to AAA to a measur- 
able extent. It should be noted here that Curran (2) recovered 2.4 per 
cent of the C™ of ethyl acetoacetate-3-C™ as acetate after incubating the 
latter with surviving liver slices of fasted rats. This again might indicate 
that the formation of C. fragments from AAA is possible, but that their 
recondensation does not take place. 


TaBLe IV 
Randomization of C'* of Acetoacetate-8-C'* When Incubated with Liver Slices 
Each flask contained 25 ml. of the Krebs-Henseleit bicarbonate buffer (6), aceto- 
acetate-3-C™ (31 um), and either no tissue or 2.0 gm. of liver slices prepared from a 
rat fasted for 24 hours or from a rat fed the 60 per cent glucose diet. The flasks 
were incubated at 38°. 











Per cent added C recovered in 
: . Incubation 
Flask No. Contents of flask " 
ae Respiratory CO: pes — 
hrs. 
1 Liver slices from fasted rat 1.5 1.4 1.2 
2 “ee “ee oe ae oe 1.5 1.4 7 
3 is a ‘* fed rat 1.5 1.8 0.54 
4 = ” 23 — 1.5 1.5 0.65 
5 No tissue 1.5 0.020 0.61 
6 - — 1.5 0.024 0.65 
7 > 0.0 0.005 0.43 

















Another possible pathway for AAA utilization is via decarboxylation, 
with formation of acetone and COs. Indeed, such a pathway receives 
support from the demonstration of Brady and Gurin (1) that the carbonyl 
carbon of acetone is incorporated into long chain fatty acids. Their work 
indicates that acetone is first cleaved into a 2-carbon and a 1-carbon frag- 
ment before being incorporated into fatty acids. Thus a possible mech- 
anism for AAA incorporation into fatty acids is C, — C; — C. — fatty 
acids. 

We have confirmed the finding of Brady and Gurin (1) and of Curran 
(2) that AAA carbon can be incorporated into cholesterol. The former 
have stated that acetoacetate is incorporated into cholesterol without pre- 
liminary cleavage into a C, fragment, and cite the following evidence in 
support of this view: (1) failure to observe fatty acid synthesis from ace- 
toacetate; (2) acetate recovered after incubating C-labeled acetoacetate 
and unlabeled acetate with liver slices contained but a trace (0.1 to 0.2 
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per cent) of the added C"; (3) non-randomization of carbonyl! or carboxy] 
carbons of acetoacetate when the latter is incubated with liver slices (Bu- 
chanan et al. (17)). 

It is now clear, from the results presented here, that the carbonyl carbon 
of AAA can be incorporated into long chain fatty acids. The reasons for 
the discrepancy between the results obtained in this laboratory and those 
reported by Brady and Gurin (1) are not apparent. In an experiment 
similar to that cited under (2) above, Curran was able to recover, in acetate, 
2.4 per cent of the C'* of added ethyl acetoacetate-3-C™ after incubation of 
the latter with liver slices. Moreover, the addition of acetate carrier in- 
creased the amount of C™ in the isolated acetate to as much as 5.7 per 
cent. A possible interpretation of the randomization experiment has al- 
ready been given above. 

The results of the experiments in which acetoacetate and acetate were 
incubated in the same bath, one labeled and the other unlabeled (Table 
III), lend support to the view that some common pathway may exist in 
the conversion of these two substrates to fatty acids. Such is implied by 
the finding that the CO, and fatty acid-C' recoveries were less when 
unlabeled acetate was incubated with ethyl acetoacetate-3-C™ than when 
the ethyl acetoacetate-3-C™ was incubated alone. It should be noted, 
however, that such an explanation need not hold in the case in which un- 
labeled acetoacetic ester was incubated with acetate-1-C. In the latter 
the depressed C™ recoveries as CO, and fatty acids might have resulted, in 
part, from dilution of a C, pool by the ethanol formed by enzymatic hy- 
drolysis of the ester. 

The similarity shown here for the utilization of AAA and acetate for 
fatty acid synthesis is quite interesting. Thus utilization of both is de- 
pressed in the fasted and diabetic liver; insulin injections increase their 
utilization for fatty acid synthesis in the diabetic liver. Ketosis develops 
in fasting and in diabetes, and it is in these two conditions that we have 
observed a loss in the capacity of the liver to incorporate acetate as well as 
acetoacetate carbon into fatty acids. Although the rate of fat oxidation 
is probably the most important factor in the development of ketosis, the 
results presented here suggest that depressed utilization of AAA in liver 
also plays a part in ketone body accumulation in diabetes and in fasting. 
It would seem that a failure in hepatic lipogenesis, coupled with an in- 
creased oxidation of fat, provides the most favorable conditions for the 
development of ketosis. 


SUMMARY 


1. The incorporation of the carbonyl carbon of acetoacetate into CO, 
and long chain fatty acids by surviving liver slices prepared from normal 
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xyl fed, normal fasted, fed diabetic, and insulin-treated fed diabetic rats was 
3u- studied. 
2. The carbony! carbon of acetoacetate is readily incorporated into long 


200 chain fatty acids by the liver of the normal fed rat. The capacity for this 
for conversion is lost by the livers of the normal fasted and fed diabetic rat. 
ose Insulin injections into diabetic rats restored to normal the capacity of their 
ent livers to form fatty acids from acetoacetate. 
Le, 3. The metabolism of the labeled carbon of acetate-1-C™ and acetoace- 
\ of tate-3-C™ by liver slices is compared and discussed. 
in- 4. Some possible pathways for the incorporation of acetoacetate into 
per fatty acids are discussed. 
al- 
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OXIDATION OF PYROGALLOL TO PURPUROGALLIN 
BY CRYSTALLINE CATALASE 


By HENRY TAUBER 


(From the Venereal Disease Experimental Laboratory, United States Public Health 
Service, School of Public Health, University of North Carolina, Chapel Hill, 
North Carolina) 


(Received for publication, May 13, 1953) 


It has been recently reported that catalytic quantities of crystalline 
catalase, in the presence of hydrogen peroxide, can rapidly oxidize a variety 
of molecules larger than hydrogen peroxide and aliphatic alcohols (1). 
The qualitative experiments have shown that a-naphthol and p-phenyl- 
enediamine are condensed by oxidative coupling to indophenol purple; 
p-aminobenzoic acid, sulfathiazole, adrenaline, ephedrine sulfate, and ty- 
rosine were found to be coupled with catechol. Generally, amines and 
phenols were also found to be oxidized to colored compounds (1). 

There is described here a quantitative study concerning the conversion 
of pyrogallol (the classical peroxidase substrate) to purpurogallin by very 
small quantities of crystalline catalase. It will be shown that catalase, 
under definite conditions and at physiological pH, can perform the func- 
tions of a peroxidase. Catalase is suitable for the preparation of pure 
purpurogallin in less than 2 hours. 


EXPERIMENTAL 
Preparation of Crystalline Catalase 


The crystalline cow liver catalase used in these experiments was pre- 
pared by the method of Tauber and Petit (2). Frozen cow liver was 
employed instead of fresh liver. The extraction with distilled water was 
carried out in a Waring blendor. The latter change resulted in a con- 
siderable increase in the yield of crystalline catalase. The crystals which 
separated during dialysis were recrystallized by dissolving in the least 
volume of 0.01 N sodium hydroxide. Without centrifuging, the solution 
was at once adjusted to pH 5.8 by the addition of 0.1 N acetic acid. A 
small quantity of insoluble matter was removed by centrifuging at room 
temperature. The clear supernatant fluid was placed in a refrigerator at 
4°. Within 3 hours the catalase began to crystallize. When crystalliza- 
tion was complete, the catalase was recrystallized again by this same pro- 
cedure. Then the crystals were dissolved in sodium chloride-phosphate 
buffer, 0.2 ionic strength, at pH 7.3 (3). The activity of the enzyme was 
34,000 Kat. f. (4). A concentrated stock solution in sodium chloride- 
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phosphate buffer of pH 7.4 was kept in the refrigerator. Dilute catalase ph 
solutions were prepared just before use-for each of the following experi- at 
ments by diluting an aliquot of the stoe#solution with distilled water. All We 
other solutions were prepared daily. The crystalline catalase used in these 
experiments was found to be homogeneous by paper electrophoresis at pl 
pH 8.6 (Veronal buffer). ca 
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Fic. 1. Proportionality between catalase concentration and purpurogallin forma- ' 
tion at pH 6.9. Pyrogallol, c.p. (0.05 m), in 2 ml. of sodium chloride-phosphate At 
buffer, 0.2 ionic strength; 2 ml. of hydrogen peroxide (0.03 M); 2 ml. of crystalline po 
catalase (0.1 to0.5 7). Final volume, 6 ml.; final pH, 6.9; temperature, 23°; reaction m 
time, 20 minutes. The catalase solution was added last at intervals of 1 minute. 
Since the enzyme was not inactivated at the end of the reaction period, colorimetric 
readings were made as rapidly as possible. th 
Fia. 2. Color density as a function of purpurogallin concentration, obtained with fil 
the Klett-Summerson photoelectric colorimeter. The purpurogallin was in 1 ml. of in 
ethanol. Each sample contained also 2 ml. of sodium chloride-phosphate buffer of pe 
pH 6.9 and 3 ml. of distilled water. in 
Peroxidation of Pyrogallol by Catalase ce 
Fig. 1 demonstrates the relationships between the quantity of catalase of 
used and purpurogallin formed as measured colorimetrically. It is seen 
that a reasonably satisfactory linear relationship is obtained. A correc- 1 
tion was made in the colorimeter reading for the slight autoxidation. The pr 
purpurogallin values were taken from the calibration curve (Fig. 2) ob- 
tained with twice recrystallized purpurogallin. The Klett-Summerson 80 
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photoelectric colorimeter with green filter No. 50 (maximal transmission 
at 500 mu) was employed. Readings were measured against distilled 
water blanks. > 

The formation of purpurogallin was studied at pH 6.9, because at this 
pH autoxidation of pyrogallol, and of its oxidation products, is insignifi- 
cant. At alkaline pH autoxidation is considerable. At a more acid pH 
(5.3) purpurogallin formation by catalase-hydrogen peroxidase is nil. Hy- 
drogen-peroxidase decomposition, however, at pH 5.3 is intense. Thus 
it was necessary to conduct these experiments within these narrow limits. 


Preparation of Purpurogallin by Catalase Action 


Solutions—(a) 18 gm. of pyrogallol were dissolved in 500 ml. of distilled 
water and the pH was adjusted to 7.2 with n sodium hydroxide. (6) 
120 ml. of 3 per cent hydrogen peroxide solution. (c) 1.5 mg. of twice 
recrystallized catalase in 15 ml. of sodium chloride-phosphate buffer of 
pH 7.4. 

Procedure—The pyrogallol solution was placed in a 1 liter beaker and 
mixed with an electrically driven glass stirrer at room temperature. 5 
ml. of hydrogen peroxide solution and 5 ml. of catalase solution were 
added. Stirring was continued for 1 minute. The remaining 115 ml. 
of hydrogen-peroxide were added in 5 to 8 ml. portions within 50 minutes. 
Brief stirring was applied after each addition of materials. In the first 
20 minutes no further catalase solution was added. The pH of the mixture 
was determined with a Beckman pH meter every few minutes and was 
maintained between pH 7.0 and 6.3 by the addition of n sodium hydroxide. 
At the end of the first 20 minutes and during the next 30 minutes 1 ml. 
portions of catalase solution were added every 3 minutes to the reaction 
mixture. 

At the end of 1 hour the reaction mixture was adjusted to pH 7.0. Then 
the purpurogallin crystals were filtered by suction through No. 2 Whatman 
filter paper. The crystals were washed with distilled water and dissolved 
in boiling 95 per cent ethanol. The solution was filtered and the com- 
pound precipitated with 2.5 volumes of distilled water. The purpurogallin 
was further purified by two more precipitations from ethanol. Hot glacial 
acetic acid and also anisole are good solvents for purpurogallin (5). Crys- 
tals readily form from these solvents at room temperature. The yield 
of twice recrystallized purpurogallin was 0.6 gm. 

Control—In a control of pH 6.9, without catalase, there appeared after 
1 hour only a light yellow color. Purpurogallin crystals did not 
precipitate. 

Catalase Does Not Form Purpurogallin at Acid pH—When the pyrogallol 
solution remained unadjusted at its original pH of 5.3, catalase and hy- 
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drogen peroxide did not form purpurogallin. There was, however, an 
intense decomposition of hydrogen peroxide under those conditions. Per- 
oxidase on the other hand does form purpurogallin at pH 5.3 (see the ex- 
periment to follow). 


Preparation of Purpurogallin with Crude Peroxidase 


This method was similar to that employed in the catalase procedure. 
Crude peroxidase was prepared as follows: 75 gm. of grated horseradish 
roots were extracted for 5 minutes with a 5 per cent acetic acid solution. 
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Fic. 3. Absorption spectrum of purpurogallin prepared by peroxidation of pyro- 
gallol with crystalline catalase. 


The mixture was squeezed through cloth toweling and filtered through No. 
12 Whatman filter paper. The first 10 ml. of filtrate were refiltered. 
The pH of the clear filtrate was 3.7. This extract was practically free of 
catalase, since it did not decompose hydrogen peroxide. 15 ml. of the 
extract were used for the preparation of purpurogallin at the original pH 
(5.3) of the pyrogallol solution. The yield of twice recrystallized pur- 
purogallin was 0.31 gm. per 18 gm. of pyrogallol. 


General Properties of Enzymatically Prepared Purpurogallin 


Crystals of Purpurogallin—Microscopic rosettes of purpurogallin are 
obtained by peroxidation of pyrogallol by crystalline catalase and recrys- 
tallization from 40 per cent ethanol. Almost identical crystals were 
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obtained by recrystallization from hot glacial acetic acid and from hot 
anisole. When peroxidase was employed as the catalyst, similar crystals 
were obtained. Occasionally, however, the crystals separated from dilute 
ethanol in the form of thin microscopic needles. The product obtained 
both by the action of catalase and by the action of peroxidase melted with 
decomposition at 256-259°. Haworth and Hobson (5) report the melt- 
ing point of synthetic purpurogallin at 276° (with decomposition). 

Absorption Spectrum—In Fig. 3 is shown the absorption spectrum of 
purpurogallin prepared by peroxidation of pyrogallol with catalase. The 
spectra of this product and of the product obtained by using horseradish 
peroxidase as the catalyst were identical with the spectrum given by the 
chemically synthesized purpurogallin (5). 


DISCUSSION 


Catalase has been classified for many years as having the specific func- 
tion of decomposing the toxic hydrogen peroxide that may accumulate in 
tissues to water and O2. Recently, however, Keilin and Hartree (6) made 
the remarkable observation that a portion of the hydrogen peroxide which 
forms when certain oxidases aerobically oxidize their substrates is utilized 
by catalase to oxidize ethanol to acetaldehyde. Oxidation by catalase and 
hydrogen peroxide proceeded at a slower rate. No evidence is recorded, 
however, to indicate that catalase can oxidize larger molecules of biological 
importance or any of the many types of compounds that are oxidized by 


peroxidase. 
” = oO 6 C—CoHy, 
CH= cn! 


In these experiments pyrogallol has been chosen since it is the ideal 
substrate for peroxidase. The intense orange color of purpurogallin which 
forms when pyrogallol is oxidized by peroxidase and hydrogen peroxide 
may readily be measured colorimetrically. 

In the reaction, catalase or peroxidase oxidizes pyrogallol (I) to its 
orthoquinone (II) which after further dehydrogenation and loss of carbon 
is coupled with 1 molecule of pyrogallol to form the insoluble end-product, 
purpurogallin (ITT). 

This new structure of purpurogallin has been recently proposed by 
several groups of English investigators (7, 8) and has been conclusively 
proved by Caunt and his associates (9). 

These and our earlier experiments (1) demonstrate that at physiological 
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pH and under the conditions described (for which typical examples were 
given) catalase can oxidize the usual peroxidase substrates. Many com- 


plex compounds appear in nature which can be derived from simple phenols | 


and phenol derivatives by oxidative coupling. A striking example is the 
conversion of pyrogallol to purpurogallin. Thus the fact that catalase 
can function as a peroxidase appears to be a much more important réle 
than is the destruction of hydrogen peroxide by the enzyme. 


SUMMARY 


Experimental evidence has been brought forward which shows that 
crystalline catalase can function as a peroxidase, provided the pH is not 
much more acid than 6.9. The reaction product of pyrogallol, purpurogal- 
lin, has been isolated and compared with the product obtained by the 
action of horseradish peroxidase. Both reaction products were found to 
be identical. 

Our experiments suggest that catalase can play an important réle in 
biology by its function as a peroxidase, catalyzing the formation of large 
molecules by coupled oxidation. 


The author wishes to express his gratitude to Dr. H. Jaffé for deter- 
mining the absorption spectrum. 
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THE ESTIMATION OF FATTY ACID SYNTHESIS IN RAT 
LIVER SLICES* 
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(From the Lankenau Hospital Research Institute and The Institute for Cancer 
Research, Philadelphia, Pennsylvania) 


(Received for publication, January 5, 1953) 


Much information has been obtained in recent years on the utilization 
of acetyl groups for fatty acid synthesis in animal tissues by use of pre- 
cursors labeled with C'* (1-11). Among the striking findings have been 
the important influences exerted by dietary (4, 5, 10, 11) and hormonal 
(6-9) conditions upon the incorporation of the carbon of acetate and its 
precursors into fatty acids of liver slices in vitro. Although the appearance 
of radioactivity is indicative of the synthesis of fatty acid carbon chains, 
it has not yet been possible to translate quantitative data on the incorpora- 
tion of labeled carbon in vitro to quantitative terms of fatty acid synthesis. 
The present study was undertaken with this objective in mind. 

In a quasiphysiological system such as the tissue slice, acetyl groups 
arise from a variety of sources, and true rates of lipogenesis cannot be 
calculated unless one knows the relative extent to which the added labeled, 
and the endogenous unlabeled, acetyl groups contribute to the “acetyl 
pool.” This requires knowledge of the specific activity of the acetyl groups 
available at the site of lipogenesis. In previous studies of acetate metabo- 
lism in the intact rat (2), the specific activity of metabolic acetate was 
determined by “trapping” acetyl groups in the form of acetyl phenyl 
aminobutyrate, and rates of fatty acid synthesis were calculated on the 
assumption that the “trapped” acetyl groups were representative of those 
utilized for lipogenesis. A similar means is available in the liver slice. 
Because of the ketogenic activity of the liver slice in vitro, acetyl groups 
can be “trapped” in the form of acetoacetate. Upon the reasonable as- 
sumption that these are likewise representative of the ‘‘acetyl pool,” one 
may calculate rates of fatty acid synthesis by comparing the radioactivities 
of the isolated fatty acids with those of the acetoacetate. This procedure 
has been used in the present study to calculate “true” synthesis rates for 
fatty acids in liver slices of fasted and fed rats. 

An important proviso in using incorporation data to calculate total 

* This work was aided by grants from the National Cancer Institute of the Na- 
tional Institutes of Health, United States Public Health Service, the Atomic Energy 


Commission, contract No. AT (30-1)777, and an institutional grant from the American 
Cancer Society to The Institute for Cancer Research. 
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synthesis is that the substrate itself should have no influence on the reac- 
tion rate being measured. In all of the studies thus far carried out, labeled 
substrates have been used in concentrations higher than physiological. It 
is necessary, therefore, to consider the possibility that the results of such 
experiments may not reflect the behavior of a substrate when present in 
low concentration as a transient intermediate. If we wish to use an iso- 
topic tracer to determine a reaction rate, such as the rate of fatty acid 
synthesis, it is necessary to evaluate the effect of the tracer itself on the 
process. It is conceivable that the tracer substance may have varying 
effects on different reactions; consequently one may find different patterns 
of metabolic conversion at different substrate concentrations. In order to 
test how the metabolism of the acetyl group may be influenced by the 
concentration of precursors, a study was made of C'*-labeled acetate, glu- 
cose, and lactate with regard to the effect of their concentration on their 
conversion to fatty acids, cholesterol, acetoacetate, and COz in liver slices 
of fed and fasted rats. The results of this test are reported in the present 
study. 


EXPERIMENTAL 


The rats were normal males 2 to 3 months of age from our stock colony, 
maintained on Allied Mills rat checkers containing 20 per cent protein and 
6 per cent fat, supplemented with fresh carrots once a week. In a previous 
study (10) we observed that the highest rates of incorporation of acetate 
carbon into the fatty acids of liver slices occurred when, prior to sacrifice, 
the rats were given a high carbohydrate diet for 24 hours subsequent to a 
fast of 24 to 48 hours (11). The same procedure was followed in the pres- 
ent study. To insure a high consumption during the refeeding period, the 
rats were offered a highly palatable diet consisting of 15 per cent each of 
casein, glucose, and powdered milk, and 55 per cent sucrose. At sacrifice, 
these rats were invariably in a good nutritional state, with full stomachs 
and high liver glycogen. 

The sodium acetate, labeled with C" in the methyl or in the carboxyl 
group, was obtained from Tracerlab, Inc. The lactate, labeled in the 
a-carbon, and the glucose, labeled uniformly in all the carbons, were ob- 
tained from the Isotopes Division of the United States Atomic Energy 
Commission. Approximately 2 uc. were used in each experiment. 

Incubation of the tissues and collection and assay of respiratory CO, 
and fatty acids were accomplished by the procedures already reported (10, 
12). For acetoacetate assay the supernatant solution, obtained after cen- 
trifugation and washing of the tissue slices, was subjected to steam dis- 
tillation, and the acetone thus recovered in the distillate was precipitated 
as the Denigés complex (13). To check its purity, the complex was dis- 
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ac- solved in 10 per cent HCI solution, and the acetone distilled, reprecipitated, 
led and reassayed. The Denigés precipitates were assayed as such, and their 

It specific activities as barium carbonate were calculated by multiplying by 
uch the conversion factor, 1.73, obtained experimentally by oxidation of a num- 
; in ber of samples of the complex to CO. by wet combustion (14). The spe- 
1SO- cific activity of the acetoacetate was calculated from the acetone value on 


wid the assumptions (a) that the acetone derived from carboxyl-labeled acetate 
the was labeled only in the carbonyl carbon and the specific activity of this 
‘ing carbon was the same as that of the acetoacetate carboxyl, (b) that the 
rns acetone derived from methyl-labeled acetate was labeled equally in both 
r to methyl groups, (c) that the acetone from 2-labeled lactate was labeled in 
the the same way as that from carboxyl-labeled acetate, and (d) that the aceto- 


zlu- acetate from glucose was labeled equally in all carbons. 

heir Cholesterol was isolated as the digitonide essentially according to the 
ices method of Srere, Chaikoff, and Dauben (15), after extraction of the non- 
sent saponifiable fraction from the alkaline hydrolysate with petroleum ether. 


If the amount of digitonide was too low for an “infinitely thick” layer, it 
was supplemented by carrier cholesterol, and appropriate correction was 
applied in calculating the activity. 


my, The specific activities of all the substrates, when used in 0.01 final 
and concentrations, were approximately 50,000 ¢.p.m., and were correspond- 
ious ingly higher or lower with different substrate concentrations. All carbon 
tate activities used in calculations are for barium carbonate, measured as “‘in- 
fice, finitely thick”’ layers, 7.5 sq. cm. in area, with a mica window Geiger tube. 
toa Conversion capacities, as defined previously (10), are given in microatoms 
res- of substrate carbon converted per gm. dry weight of tissue per hour. This 
the value is calculated from the following equation. 

whe ; : s.a. of product X microatoms carbon in product 

fice, Convettien capacity = 5 eee 


s.a. of substrate X gm. dry tissue X hrs. 
achs 


The specific activity of 2-labeled lactate was taken as that of its acetyl 
oxyl moiety; viz., 3/2 that of the over-all activity. Total synthesis of choles- 


the terol or fatty acids, given in microatoms of total carbon converted per 
- ob- gm. of tissue per hour, was calculated from the equation: 
ergy 
Total synthesis = 

CO» s.a. of product X microatoms carbon in product 

(10, s.a. of acetoacetate obtained in same experiment X gm. dry tissue X hrs. 
ro Results 

is- 

ated Incorporation of Acetate Carbon Compared with Total Fatty Acid Synthe- 
 dis- sis—In Table I the results are summarized for thirty-one experiments con- 
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ducted to determine magnitudes of fatty acid synthesis in liver slices of 
fed and fasted rats. Yields and relative specific activities of products 
were similar to those previously reported (10); these data are omitted from 
the present paper to save space. Incorporation and data on total synthe- 
sis are given in the sixth and seventh columns Whereas the conversion 
capacities (which represent the microatoms of labeled acetate carbon con- 
verted to fatty acids) ranged from 3.2 to 14.6 in the livers of fed rats, the 
total fatty acid synthesis, calculated as described above, ranged from 14.8 
to 55.3 microatoms of carbon. On the average, total synthesis was 33.8/8.2 


TABLE I 
Acetate Metabolism in Fed and Fasted Liver Slices 
Each vessel contained 400 um of sodium acetate and 5.0 gm. of liver slices in 40 


ml. of phosphate-saline solution. The experiments were conducted for 4 hours at 
38° with oxygen in the gas phase. 








‘ 2 Conversion capacity | 
Dietary os $$ $_._._._._.. . . . .. | Total synthesis, 
condition se Glycogen eatin | | fatty acids 
oh “sO, Ory | Acetoacetate Fatty acids | 
Zz —s 
per cent microatoms C | microatomsC | microatomsC | microatoms C 
Fed....... 12| 9.0 | 14.7 | 15.5 8.2 | 33.8 


| | 
brs,...... 5| 0.5 | 18.5 | 44.6 | 0.4 | 1.65 


(0.3 - 0.7) | (14.5-20.8) | (35.1-54.0) | (0.02- 0.73) | (0.08- 3.30) 


(4.3 -11.1)| (8.9-19.4)| (7.7-22.5) | (3.2 -14.6) | (14.8 -55.3) 


} 


Fasted 36- 
48 hrs...| 6| 0.4 | 12.3 30.5 | 0.2 | 0.59 
(0.0 - 1.0)| (9.1-17.6) | (15.7-64.7) | (0.02- 0.58)! (0.08- 1.52) 
Fasted 72- | | 
120 hrs..} 8] 0.1 | 8.5 | 15.4 | 0.02 0.11 
(0.03- 0.1) | (4.5-14.1) | (9.5-20.8) | (0.01- 0.02) | (0.05- 0.33) 











= 4 times the incorporation of labeled carbon; this means that, on the 
average, 3 times as much endogenous carbon as added acetate carbon was 
utilized for fatty acid synthesis. Despite the large drop in acetate incor- 
poration in fasting, approximately the same ratio of average total synthesis 
to average acetate incorporation was observed. In the group fasted 12 
hours, the ratio was 1.65/0.4 = 4, in the group fasted 36 to 48 hours it 
was 0.59/0.2 = 3, and in the group fasted 72 to 120 hours it was 0.11/0.02 
= 5. It was rather surprising to find that the relative contributions of 
endogenous and exogenous carbon to lipogenesis were so similar in the 
“fed” and “fasted” liver slices. If only because of depletion of glycogen, 
one might: have expected a lower contribution of endogenous acetyl groups 
in the “fasted” slice. 
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Oxidation of Acetate and Ketogenesis—On the whole, the results of these 
experiments are in good accord with previous ones (10, 11). Lipogenesis, 
on the average, was lowered by a 12 hour fast to less than 5 per cent of the 
fed level, and decreased progressively with increased fasting periods. As 
previously observed, these marked changes are not accompanied by de- 
creased oxidation of acetate; in fact, only after 72 hour fasts was there a 
marked decrease in the incorporation of carbon in respiratory CO:. It was 
previously suggested (9, 10) that fasting ketogenesis may be a result of 
the pursuit of an alternate pathway by the acetyl group when the lipogenic 
route is blocked. However, the relatively small increase in ketogenesis 
in the “fasted” liver, compared with the marked diminution of lipogenesis, 
is not consistent with this view. It is to be noted that the increased in- 
corporation of acetate into acetoacetate in fasting is due to an actual in- 
crease in yield of acetoacetate rather than to a greater proportion of labeled 
carbon therein. 

Effects of Substrate Concentration—To study the effects of concentration 
of various acetyl precursors on the pattern of metabolic conversion of the 
acetyl group, three substrates, acetate, lactate, and glucose, were investi- 
gated. In each experiment aliquots of pooled liver slices were incubated 
with different concentrations of the labeled substances. Acetate (methyl- 
labeled) and pi-lactate (2-labeled) were studied at four concentration levels 
over the range, 0.00005 m to 0.05 m. The specific activity of the uniformly 
labeled glucose available to us was not sufficiently high to use at the lowest 
concentration; consequently this substrate was studied at the three levels, 
0.0005, 0.005, and 0.025 m. Since each glucose molecule can theoretically 
yield two acetyl groups, these glucose concentrations correspond to the 
equivalent in acetyl groups of 0.001, 0.01, and 005m. These are the same 
as the upper concentrations of substrates in the experiments with acetate 
and lactate. Four products were isolated and their radioactivities de- 
termined; CO», acetoacetate, fatty acids, and cholesterol. Because of the 
wide range of concentrations and the resultant wide range in responses, 
the data are presented graphically on a log scale (Fig. 1). 

If a labeled substrate has no influence on the reaction it is tracing and is 
functioning only as a labeling agent for endogenous metabolites, one would 
expect a constant ratio of substrate concentration to incorporation of iso- 
tope. This follows from the fact that the labeled compound, or some me- 
tabolite thereof, mixes with identical molecules from the tissue, and the 
greater the concentration of labeled molecules, the lower will be its dilution 
by the unlabeled endogenous molecules. In the experiments under dis- 
cussion it can be assumed that the radioactivity of the acetyl groups avail- 
able for various metabolic conversions will be approximately proportional 
to the substrate concentration, and if the substrate per se, or any of its 
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metabolites, has no influence on the rates of the conversion processes, in- 
corporation of the labeled molecules should increase linearly with the in- 
crease in substrate concentration. One could also expect that the incor- 
poration might fall off at the higher substrate concentrations because of 
the inability of the enzymatic steps involved in formation of “active acetyl” 
to keep pace with the increase in concentration of the substrate. Further- 
more, if none of the four metabolic conversions of the acetyl group is af- 
fected by the substrate, each conversion would display the same response 
to increased substrate concentration. From these considerations it might 
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Fig. 1. Relationship between precursor concentration and metabolic conversions 
of the acetyl group. O, respiratory COs, @, acetoacetate, @, fatty acid, @ , cho- 
lesterol. The four concentrations, plotted on a log scale on the abscissa, are 0.00005 
M, 0.001 Mm, 0.01 M, and 0.05 m. The ordinate is the log conversion capacity in micro- 
atoms of substrate carbon converted per gm. of tissue per hour. The experimental 
conditions are given in the text. 


be expected that the curves of the various metabolic conversions versus 
substrate concentration would be parallel, each being linear at low concen- 
tration and falling off at the higher concentrations. 

As seen in Fig. 1, these expectations were on the whole fully realized. 
Despite quantitative differences in absolute values for conversion capacity 
exhibited by the different substrates, there was a remarkable similarity in 
response to concentration changes. With acetate, the curves were rather 
convex, whereas with lactate and glucose they were more nearly linear. 
With each substrate, however, the conversion curves followed parallel 
paths. Perhaps the most striking feature of the curves in Fig. 1 is the 
similarity in slope regardless of substrate, absolute conversion capacity, 
or nutritional state. These results indicate that all four of the conversions 
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involve one and the same intermediate, which is probably acetyl coenzyme 
A. Various lines of evidence have suggested that more than one type of 
active acetyl may exist (16, 17). If acetate, lactate, and glucose yielded 
different acetyl groups or different proportions of two different types of 
active acetyl, one would not expect the same response in conversion from 
all three substrates. The fact that all four conversions respond in the same 
way to changes in substrate concentration indicates that all three substrates 
yield the same acetyl] derivative or at least the same proportions of different 
acetyl derivatives. By the same token one may also conclude that the 
endogenous precursors also yield the same types and the same proportions 
of acetyl groups as the labeled substrates. These findings indicate further 
that quantitative differences in lipogenesis among different acetyl precur- 
sors are due to differences in their rate of production of acetyl groups rather 
than to any specific effects of the substrates on the conversion per se. 
From the parallelism displayed by the curves for lipogenesis and ketogenesis 
it is obvious that total fatty acid synthesis proceeds at a constant rate 
which is independent of wide ranges in substrate concentration. 


DISCUSSION 


The foregoing considerations indicate that the procedure outlined herein 
provides reliable estimations of the magnitude of fatty acid synthesis in 
liver slices in vitro. From the data of Table I, on the average the fed 
liver slice converts 34 microatoms of carbon to fatty acid per gm. dry tissue 
per hour. On the basis of a carbon content of 76 per cent, this corre- 
sponds to 34 X 12/0.76 = 540 y of fatty acid, with a range of from 230 
to 875 y.- ‘From the amounts of fatty acid isolated from each experiment, 
we can calculate that from 0.1 to 0.7 per cent of the total fatty acid was 
replaced per hour. Applying the formula ¢; = 0.69/k, where k = the 
hourly replacement rate, we obtain a range of from 100 to 570 hours for 
the time required for replacement of one-half of the liver fatty acids. This 
range of from 4 to 22 days is far higher than the value of between 1 and 2 
days reported by Pihl, Bloch, and Anker and obtained from experiments 
with intact rats (2). It is recognized that the experiments with intact 
animals probably give a closer approximation to the true turnover rates, 
particularly since we are not at all certain that optimal conditions have 
been achieved for fatty acid synthesis in liver slices. However, Pihl et al. 
have pointed out that the in vivo procedures are also subject to error, be- 
cause of the difficulty in determining the activity of the acetyl group which 
is changing rapidly during the early stages of feeding of labeled acetate. 

However, values for cholesterol synthesis are in better agreement with 
published figures obtained in experiments with intact animals. From the 
data shown in Fig. 1, cholesterol synthesis in “fed” liver was calculated 





408 FATTY ACID SYNTHESIS IN LIVER SLICES 


in a similar manner to range from 15 to 80 y per gm. dry weight per hour, 
and to average 25 y per hour. On the basis of an observed cholesterol 
content of 8 mg. per gm. of tissue, there is obtained a half replacement rate 
of 230 hours, or 9 days, as compared with a half time of 6 days determined 
in the intact rat (2). 


SUMMARY 


A method has been described for determination of rates of fatty acid 
synthesis in liver slices, which consists in incubating slices of tissue with 
labeled acetyl precursors and comparing the specific activities of the aceto- 
acetate and fatty acids. In a test of the validity of this procedure it was 
found that incorporation of labeled carbon from acetate, lactate, and glu- 
cose into COs, acetoacetate, fatty acids, and cholesterol was proportional 
to the substrate concentration over a wide concentration range. The same 
pattern of response was exhibited for all four conversions from all three 
substrates and did not differ in fed and fasted animals, despite large quan- 
titative differences in the absolute magnitude of the conversions. The 
values calculated by this method for fatty acid synthesis were lower than 
the values calculated previously in experiments with intact animals. 
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A STUDY OF GLUCOSE OXIDATION IN WHOLE TISSUE 
HOMOGENATES* 
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(From the Lankenau Hospital Research Institute and The Institute for Cancer Research, 
and the Department of Chemistry, Temple University, Philadelphia, Pennsylvania) 


(Received for publication, May 27, 1953) 


In the course of a study directed toward explaining the high glycolysis 
of tumor cells, the need was felt for a more critical comparison of glucose 
oxidation in normal and neoplastic tissues than is possible by methods in 
current use. Though most tissue types are known to contain the enzymatic 
equipment for the major processes of glucose catabolism, namely glycolysis 
and the citric acid cycle, the literature records surprisingly few instances 
in which the complete dissimilation of glucose into CO. and wate has 
been measured in tissue preparations. 

Starting with the studies of Colowick, Kalckar, and Cori (1), a number 
of investigators have demonstrated manometrically the oxidation of glucose 
or phosphorylated hexoses by cell-free tissue preparations (2-6). How- 
ever, none of these systems was regarded as strictly satisfactory for com- 
parative purposes, since they involved fractionation of the tissue, or di- 
alysis, or the use of inhibitors such as nicotinamide which also inhibit 
respiration (7), or the presence of other oxidizable substances in relatively 
large amounts. The most suitable preparation appeared to be the whole, 
unfractionated homogenate. Among the advantages offered by whole 
homogenates for comparative studies of multistep metabolic processes are 
the following: (a) They contain all of the enzymes, ions, and other factors 
of the intact cell; (b) there are no cell membrane barriers, so that enzyme 
systems are accessible for introduction and removal of intermediates, in- 
hibitors, and other influencing factors; (c) if prepared in isotonic media, 
they contain in a more or less intact condition all of the structural compo- 
nents of the cell (8). A serious disadvantage of such preparations is their 
high endogenous metabolism, which makes the direct manometric estima- 
tion of the oxidation of an added substrate impossible. 


* Aided by grants from the American Cancer Society on recommendation of the 
Committee on Growth of the National Research Council, the National Cancer In- 
stitute of the National Institutes of Health, United States Public Health Service, 
and the Atomic Energy Commission, contract No. AT (30-1)777. 

t Fellow of the Damon Runyon Memorial Fund for Cancer Research, Inc. 

t Part of this study will be included in a thesis to be presented by Doris F. Dunn 
to the Graduate School of Temple University in partial fulfilment of the require- 
ments for the degree of Doctor of Philosophy. 
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In previous experiments with tissue slices (9) the uncertainties introduced 
by the high endogenous respiration were overcome by employing C™- 
labeled glucose. By measuring the incorporation of radioactivity into 
respiratory COz, it was possible to estimate the oxidation of glucose in 
slices of normal and neoplastic tissues, although its addition produced 
no increases in oxygen consumption. 

In applying this isotopic procedure to the whole tissue homogenates, 
it was found that, when suitably fortified, these preparations have the 
capability of oxidizing glucose rapidly. In the present report we wish to 
describe the experimental procedures employed and to record some of the 
properties of the glucose oxidation system in several normal and neoplastic 
tissues. 


Methods 


Incubation of Tisswe—The animals, young adult, well nourished rats or 
mice from our stock colony, were decapitated and the tissues rapidly ex- 
cised and homogenized for 2 minutes by the Potter-Elvehjem procedure 
(10) in 6 volumes of an ice-cold isotonic medium containing KCl 0.133 m 
and phosphate buffer (pH 7.4) 0.0123 m. The tissue suspension was added 
to chilled Warburg vessels containing the other ions, factors, and sub- 
strates constituting the basic medium. This consisted of the following 
substances in their final concentrations: MgSO, 3 X 10-* M, potassium 
fumarate 7 X 10-° Mm, cytochrome c 4 X 10-° M, phosphate buffer (pH 7.4) 
6 X 10-* m, and KC10.14_m. Unless specified otherwise, glucose was used 
in 0.01 m concentration and diphosphopyridine nucleotide in 0.002 m con- 
centration. After addition of 0.3 ml. of the homogenate preparation, 
which represented 43 mg. of fresh tissue, water was added to make the final 
volume 1.6 ml. For carbon dioxide absorption a filter paper fold in the 
center well was soaked with 0.1 ml. of 10 N NaOH. After attachment to 
the manometers, the flasks were equilibrated for 10 minutes at 38°, then 
closed and shaken for 50 minutes. Dilute sulfuric acid was then tipped in 
from the side bulb to stop the reaction and to liberate the bound CO». 
After shaking for 5 minutes to allow complete absorption of CO, by the 
alkali, the flask was removed from the manometer, the filter paper and 
washings were transferred to a stoppered flask, 0.3 mM of sodium carbonate 
was added as the carrier, and the carbonate was precipitated by the addi- 
tion of excess 1 M barium chloride solution. The precipitated barium car- 
bonate was filtered, dried, and transferred to planchets for counting. Ra- 
dioactivity measurements were made with an end window counter, with the 
samples spread uniformly over an area of 7.5 sq. cm. The counts were 
corrected for self-absorption to “infinite thickness.”” The values are re- 
ported as microatoms of labeled substrate carbon converted to COs, cal- 
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culated from the formula 


te ¢.p.m. barium carbonate X um barium carbonate 
Glucose oxidized = eee TER eae Ul”? ney DE ae ecg 





c.p.m. glucose as barium carbonate 


Materials—Diphosphopyridine nucleotide (DPN) was obtained from the 
Pabst Laboratories; it was found to be 85 per cent pure by the enzymatic 
procedure of Racker (11). Cytochrome c, adenosinetriphosphate (ATP), 
adenosine-5-phosphate (AMP), and fumaric acid were commercial products. 
Uniformly labeled glucose and fructose were obtained from the Nuclear 
Instrument and Chemical Corporation on allocation by the Isotopes Divi- 
sion of the United States Atomic Energy Commission. 


Results 


A survey of representative experiments on glucose oxidation in whole 
homogenates of various tissues, studied with the aid of C™ labeling, is 
shown in Table I. In general the pattern of metabolism was as follows: 
The unfortified homogenate had a low or negligible oxygen consumption, 
which was not appreciably increased by the addition of glucose (Column 2). 
Even when endogenous oxygen uptake was high, as in mouse liver, glucose 
oxidation was very low (Columns 4 and 5). The addition of DPN raised 
the endogenous oxygen consumption, the response being greatest for kidney 
and heart, less for liver, and least for brain (Column 3). The marked 
stimulating effect of DPN on glucose oxidation is exhibited in Columns 6 
and 7 of Table I. With both substances present, oxygen consumption and 
glucose oxidation reached their highest levels. Kidney and heart were 
always found to respond to the greatest extent, and liver and brain moder- 
ately, but, despite these quantitative differences in response, DPN in- 
variably stimulated glucose oxidation. The magnitude of respiration in 
these preparations was very high; the observed oxygen uptakes correspond 
to Qo, values of about 13 for liver and about 40 to 50 for kidney, which are 
of the order of double those observed for slices. 

Since each atom of glucose carbon requires a molecule of oxygen for its 
oxidation to COs, it can be seen from the first experiment of Table I that 
6.92 X 100/17.9 = 39 per cent of the oxygen consumption of the rat kidney 
homogenate represented oxidation of the added glucose. In the next ex- 
periment with heart homogenate, 13.2 & 100/17.4 = 76 per cent of the 
total respiration was utilized for oxidation of the added glucose, with a respira- 
tory level corresponding to a Qo, of 44. 

It will be noted that the levels of respiration and of glucose oxidation 
were considerably lower in brain and liver than in kidney and heart ho- 
mogenates. These findings in general paralleled the previously observed 
behavior of slices (12, 13), though oxidation of glucose was far more rapid 
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in fortified homogenates. However, any definite conclusions concerning 
the quantitative significance of glucose oxidation in the various tissues must 
be deferred until a detailed study can be made of optimal conditions for 
each tissue type. 

Comparison between DPN and ATP in Activation of Glucose Oxidation— 
Because of the multiplicity of loci for ATP action in glucose oxidation, it 


TaBLe [ 


Effect of DPN on Oxygen Consumption and Glucose Oxidation by Whole Homogenates 
of Various Rat and Mouse Tissues 

The basic system contained the following substances in the designated final 
concentrations: MgSO,, 3 X 10-* mM; potassium fumarate, 7 X 10-5 Mm; cytochrome c, 
4 X 10-5 M; phosphate buffer, pH 7.4, 6 X 10-* m; potassium chloride, 0.14 m; and 0.3 
ml. of the homogenate, representing 43 mg. of original tissue. To this were added 
glucose in a final concentration of 0.01 m and the nucleotide (0.002 m) when required, 
and the volume was brought to 1.6 ml. The experiments were run for 1 hour in air 
at 38°. The values for oxygen consumption are given in micromoles, and glucose 
oxidation values are in microatoms of glucose carbon converted to COs. 


























| Additions 
Normal tissues | None | DPN | Glucose | DPN + glucose 
| | | Qaeey ee Sr aEgeay age F ae 
| Oz uptake | O:2 uptake | O2 uptake pons nae | Os uptake ae 
(1) | @ | @ | (5) | (6) (7) 
uM uM | uM microatom C uM microatoms C 
Rat kidney......... | 0.9 6.6 | 0.9 0 | 17.9 6.92 
a SS ae ae ee? a ae 0.08 | 17.4 13.2 
i | nee | o | 5.6 | 0 0 8.1 1.97 
“ brain............ 0 | 09 | 0 07 | 417 1.20 
Mouse kidney...... | 1.3 | 9.9 2.6 0.066 | 14.6 5.25 
“ heart........| 0.4 3.3 0.7 0.08 | 13.5 9.48 
“ liver ........ | 45 | 7.5 3.9 0.01 | 7.8 0.51 
“  brain........ 2 5 oa 7, S8 0.50 | 3.1 0.85 








* Zero values are less than 0.1 um of Oo. 


might have been expected that the ATP concentration would play an 
important part in this system. Surprisingly, however, ATP effects were 
relatively minor. As seen in Table II, addition of ATP was not required 
for maximal glucose oxidation in DPN-fortified kidney and liver homogen- 
ates. The concentration of DPN which was optimal for oxygen consump- 
tion was about 0.002 m. Although in kidney homogenate ATP stimulated 
glucose oxidation somewhat, it did not approach the efficacy of DPN. 
At 0.002 m ATP concentration, oxygen consumption was not stimulated 
appreciably and glucose oxidation, though increased considerably over the 
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ning endogenous value, was less than one-fifth of its level in the presence of the 
nust | s#me concentration of DPN. As shown in the last three lines of Table II, 
3 for | When the system was fortified with DPN, further addition of ATP depressed 

rather than stimulated oxygen consumption and glucose oxidation. 
~~ The relative effects of DPN and ATP were about the same in liver as 
n, it in kidney homogenate. Liver homogenates differed markedly from those 
of kidney and heart in that oxygen consumption in liver was appreciable 
—_ TaBLe II 
Effect of DPN and Adenine Nucleotides on Oxidation of Glucose-C™ by Homogenates 
final of Rat Kidney and Liver 
me ¢, The experimental conditions were the same as those described in Table I. 
; bs Additions Kidney Liver 
ire Ta pa a. x 
nal DPN m | oe | See |} ee | ee | Se 
— na ow ~~ | at«dSs amt Ientcroatoms C| ua | microatoms C 
—< 0 0 0 0.2 0.07 1.1 0 
0.0002 0 0 2.2 0 
— 0.001 0 0 12.3 3.80 5.5 0.47 
0.002 0 0 17.1 7.53 | 8.0 1.15 
—- 0.01 0 0 18.1 9.80 
ood 0.02 0 0 17.9 9.40 | 
| 0 0.0002 0 0.1 0.07 | 0.9 0 
0 0.002 0 0.3 1.2 | 3.6 0 
was € 0.002 0.0002 0 15.6 8.35 | 7.9 1.60 
92 0.002 0.002 0 6.6 2.20 | 9.0 0.98 
2 0.002 0.006 0 5.3 1.58 | 
97 0 0 0.0002 | 1.4 | 
20 0 0 0.002 | 2.0 | 0 
25 0.002 0 0.0002 | 8.0 | 1.31 
48 0.002 0 0.002 | 9.9 1.64 
D1 arene See a ee ee aaa 
B5 
even in the absence of DPN and was further stimulated by addition of ATP. 
However, the data from radioactivity showed that there was no glucose 
oxidation under these circumstances. The fact that ATP stimulated oxy- 
dee gen consumption of liver homogenates without activating glucose oxida- 
— tion indicates that it does enhance oxidation of non-carbohydrate sub- 
Lired stances endogenous to the homogenate, possibly fatty acids (14). The 
is action of adenylic acid (AMP) was similar to that of ATP; it did not itself 
aa stimulate glucose oxidation, but did enhance the oxidation of glucose in 
a the DPN-fortified system. Apparently none of the ATP-involved steps 
| ted of glucose catabolism are rate-limiting in this system, indicating that the 
we concentration of endogenous ATP is being maintained at a level sufficient 
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for maximal activity of hexokinase and phosphohexokinase under the con- 
ditions employed.! 

The effects of other factors are illustrated in the component study shown 
in Table III. Omission of magnesium greatly decreased both oxygen con- 
sumption and glucose oxidation in kidney homogenates, but had little 
effect in heart homogenates. Since in kidney homogenates oxygen con- 
sumption was less affected by omission of magnesium than glucose oxida- 
tion, it appears that at least part of the endogenous respiration is less mag- 
nesium-dependent than is glucose oxidation. The behavior of the kidney 
homogenate toward fructose was remarkably similar to that toward glucose. 


Tasie III 
Effect of Omissions on Glucose-C' or Fructose-C'4 Oxidation in Rat Heart and Kidney 
Homogenates 


The conditions were the same as in Table I. The substrates, as indicated, were 
in 0.01 m concentration. 
































Heart Kidney 
Glucose Glucose Fructose 
Oxygen Glucose Oxygen Glucose Oxygen Fructose 
uptake oxidized uptake oxidized uptake oxidized 
uM ae pM eect tee uM me ee 
Complete system. . . .| 15.0 10.2 17.8 6.82 17.0 9.20 
Mg omitted... . eee. 0 ee 15.6 8.95 6.9 0.45 6.6 0.3 
Be a ae is 0.3 0.04 1.8 0 
Cytochrome c omitted 13.3 8.62 16.1 5.56 14.7 7.13 
Fumarate omitted ........... 12.8 8.62 a7 <7 6.42 17.0 9.60 








In these isotonic homogenates, neither cytochrome c nor fumarate additions 
exerted an important effect; however, it was considered advisable to con- 
tinue adding these substances to the basic medium, since an occasional 
marked effect of their omission was observed. 

The effects of inorganic ions and the tonicity of the medium are further 
displayed in Table IV. It was observed in preliminary experiments that 
the results were erratic in water or hypotonic homogenates. After con- 
siderable experimentation it was found that the most consistently high 
oxygen uptakes were obtained when homogenization and incubation were 
both conducted in isotonic solutions fortified with magnesium and phos- 
phate ions in the concentrations designated in Table I. These require- 


1 Subsequent studies have shown that ATP addition enhances glucose utilization 
in whole homogenates of rat brain. The requirements for glucose oxidation in this 
tissue are still under study. 
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con- | ments are well illustrated by the results of the experiment shown in Table 
IV. Aliquots of pooled rat kidneys were homogenized either in water or in 
own isotonic KCl. Each preparation was incubated with glucose at 0.01 m and 
con- DPN at 0.002 m in (a) a phosphate-buffered water solution, (6) a tris- 
ittle (hydroxymethyl)aminomethane (Tris)-buffered water solution, (c) a phos- 
con- phate-buffered isotonic KCl solution, and (d) a Tris-buffered isotonic KCl 
cida- solution. To each flask magnesium ions were added to give a final con- 
nag- centration of 0.006 m. To test the effect of the omission of magnesium, a 
Iney duplicate of each flask, but not containing added magnesium ions, was run 
Ose. 
TaBLe IV 


Effect of Magnesium and Phosphate Ions and Tonicity of Medium on Oxygen 
Consumption by Rat Kidney Homogenate 
The basic medium was the same as that described in Table I, except that Mg ions 
were were omitted as indicated, and phosphate buffer was omitted in those vessels in 
which the homogenate was prepared in Tris buffer. The water homogenate was 
prepared exactly as the KC] homogenate was prepared, except that distilled water 
was used. The values are in Qo, (microliters of oxygen per mg. dry weight of tissue 



































per hour). 
Magnesium concentration 
ictose 
dized 
Incubation medium 0.006 0 

oatoms - 
© Water KCl Water KCl 
.20 homogenate | homogenate |homogenate |homogenate 

Water + phosphate buffer................ 1.9 14.6 1.5 2.8 
13 Se Sc ach cnidoss sin cwaa's 1.8 8.5 1.5 3.8 
60 Isotonic KCl + phosphate buffer... 6.4 14.6 0.8 2.5 

- wa fs. re 1.4 6.1 0.5 1.9 

tions 
con- concurrently. In the absence of added magnesium ions, oxygen consump- 
ional tion was very low under all conditions. In the presence of magnesium 


ions, oxygen consumption was very low in the water homogenate under all 
rther conditions, but was highest in the isotonic KCl-phosphate medium. With 


that the isotonic KC] homogenate, oxygen uptake was optimal in the presence 
con- of phosphate and was not lowered by hypotonicity of the incubating me- 
high dium. The difficulties experienced by other investigators in obtaining 
were glucose oxidation (2-4) or glycolysis from glucose in tissue homogenates 
yhos- (15) ean probably be ascribed to the use of water homogenates; the fact 
uire- that such water preparations can carry on the glycolysis of hexose diphos- 
; phate but not of glucose (2, 4, 15) suggests that one or more of the steps 
ation ° ‘ ° ‘ P 
» this involved in glucose phosphorylation, viz. glucokinase or phosphohexo- 


kinase, is sensitive to the action of hypotonic media. 
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The effect of magnesium ion concentration is again demonstrated in 
Table V. Although these data definitely show that magnesium ions are 
necessary for glucose oxidation by rat kidney, they also show that these 
ions are exerting, particularly at the higher concentrations, a profound 
effect on oxidation of endogenous metabolites. With no added magne- 
sium, glucose was not oxidized. Ata concentration of 0.0025 m, endoge- 
nous oxygen consumption was about doubled, but oxygen uptake in the 
presence of glucose was raised more than 4-fold, both glucose oxidation 
and oxygen consumption attaining optimal levels. Further increase of 
magnesium ion concentration to 0.01 M raised the endogenous oxygen con- 
sumption, but did not further stimulate glucose oxidation. Higher mag- 


TABLE V 
Effect of Magnesium Ions on Glucose-C* Oxidation in Rat Kidney Homogenate 
The conditions were the same as in Table I. 














Experiment 1 Experiment 2 
Magnesium Glucose absent Glucose present Glucose present 
concentration 
Oxygen Oxygen Glucose Oxygen Glucose 
uptake uptake oxidized uptake oxidized 
M pM uM microatoms C uM microatoms C 

0 2.3 2.7 0 4.9 ~“~.1 
0.0025 4.8 12.6 1.92 17.5 6.52 
0.01 10.3 11.3 2.01 13.0 3.08 
0.02 6.2 6.4 0.79 9.5 1.15 
0.04 1.8 0.07 




















nesium concentration greatly inhibited oxygen uptake and glucose oxida- 
tion. 

The data of Table VI clearly indicate that a high content of potassium 
ions is necessary for maximal glucose oxidation in liver homogenate. Max- 
imal oxygen consumption and glucose oxidation occurred when KCl was 
used for homogenization and incubation, but only slightly lower values 
were observed when NaCl was used for homogenization. It thus appears 
that sodium ions are not inhibitory, at least in relatively low concentration. 
A marked lowering of oxygen consumption and glucose oxidation was ob- 
served when the KCl homogenate was incubated in NaCl (K ion concen- 
tration approximately 0.03 M), and the lowest values were obtained when 
homogenization and incubation were both conducted in NaCl. It is note- 
worthy that, in this flask, potassium was present in 0.013 m concentration, 
since the phosphate buffer employed in these experiments was made with 
the potassium salt. Evidently an environment high in potassium ions is 
necessary for glucose oxidation; its requirement for this purpose is more 
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marked than for oxidation of endogenous metabolites, since the large de- 
creases in glucose oxidation were not paralleled by decreases in oxygen 


TaBLe VI 


Effect of Sodium and Potassium Ions on Glucose-C™ Oxidation in Rat Tissue 
Homogenate 
The conditions were the same as in Table I, except as noted. 




















| Isotonic h ization di 
Ret sec agate neti eh 
Tissue ——«~ ~\em KCl NaCl 
Oxygen Glucose Oxygen Glucose 
uptake oxidized uptake oxidized 
pu | microatomC| — ua | microatoms C 
Liver KCl 10.3 0.89 9.0 0.71 
NaCl 6.0 0.29 4.5 0.08 
Heart KCl 24.3 21.7 
NaCl 4.43 0.60 

















TaBie VII 
Comparison of Glucose-C' and Fructose-C'* Oxidation in Tissue Homogenates 
The substrates were 0.01 mM, and DPN was 0.002 Mm. The conditions were the same 
asin Table I. Each line of Table VII represents a single experiment with the same 
homogenate. 




















Substrate 
Rat tissues Glucose Fructose 
pen sy Glucose oxidized pay | Fructose 
uM microatoms C uM microatoms C 

ON UO ee ee 7.5 3.04 6.3 3.92 
ht Sh aes eS eee eee 15.0 10.2 13.8 | 7.92 
Milley... .>.. dP ee a ae 17.0 | 9.22 
Te eee er erro eee 9.6 1.58 11.8 4.47 
mt cae ieee pve 9.5 1.16 11.2 4.77 
ee AS. die Uy See: | 2.5 1.35 2.0 2.07 
xi Otte te tow td torus 2.6 1.21 2.0 2.22 

Skeletal muscle............ .| 4.2 0 4.1 0 
va - .| 2.5 0 3.9 | 0.19 








consumption. Essentially the same response toward sodium and potas- 
sium ions was obtained with heart as with liver homogenate, but with a 
more marked effect, owing to the high rate of glucose oxidation in the heart 
homogenate. 

In Table VII, experiments are shown in which exidation of glucose in 
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various tissue homogenates was compared with oxidation of fructose. 
Both sugars were oxidized by all the tissues except skeletal muscle, and in 
most instances fructose appeared to be more rapidly oxidized than glucose. 
The differences were not great in those tissues, viz. heart and kidney, which 
oxidized glucose rapidly, but were quite large in other tissues, viz. liver 


Taste VIII 
Effect of Omissions on Glucose-C'4 Oxidation by Mouse Hepatoma 98/15 Homogenate 
The conditions were the same as in Table I. 











Oxygen uptake Glucose oxidized 
ei uM alwosion: Cc 
ee ee ee ne eee 4.7 0.77 
Cytochrome c omitted.......................004. 2.0 | 0 
os eas a Sei he dane ohevih oe 2.6 0.15 
PE tir ca rig och os's 44 Hebi esa dew weee diene 0 0 
Fumarate omitted... .............ccccccsecccccecs 3.6 0.73 


TaBLe IX 
Effect of DPN and ATP on Oxygen Consumption and Glucose Oxidation in C3H Mouse 
Liver and Hepatoma 98/15 Homogenates 
Glucose concentration, 0.01 m; ATP and DPN, 0.002 m. The experiments were 
run for 1 hour in air at 38°. The conditions were the same as in Table I, except that 
double the amount of tissue was used. 

















Liver Hepatoma 
Additions 
Oxygen Glucose Oxygen Glucose 
uptake oxidized uptake oxidized 
: uM microatom C | uM microatoms C 

None...... ey | ee ee 7.6 0 0.68 0.04 
SR eo, ee 12.7 0.10 | 1.89 0.09 
ra ee er 12.8 0.80 | 12.3 2.27 
OO MT. 5 ilk tel cece cy ae 12.2 0.69 11.4 1.66 


and brain, which oxidized glucose less rapidly. Though further work will 
be needed to clarify the point, the data appear to suggest that one of the 
enzymatic steps between glucose and fructose-6-phosphate may be the 
rate-limiting step in the oxidation of glucose by liver and brain. A similar 
conclusion has been advanced by Olson (13) and by Wyshak and Chaikoff 
(16) with respect to liver, and the data of LePage (15) and Meyerhof and 
Wilson (17) suggest the same conclusion concerning glycolysis. 

Glucose Oxidation in Neoplastic Tisswe Homogenates—The results thus 
far with neoplastic tissue are mainly restricted to the C;H mouse hepatoma 
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98/15. The data recorded in Tables VIII and IX indicate that the re- 
quirements for glucose oxidation in homogenates of this tumor are remark- 
ably similar to those of normal tissues. There was the same dependence 
on DPN and magnesium ions, and in the complete system oxygen consump- 
tion and glucose oxidation were similar in magnitude to the values for 
normal tissues. The absence of any oxygen uptake or glucose oxidation 
in the absence of added DPN is in keeping with previous data on oxidation 
of pyruvate by tumor homogenates (18), and the greater dependence on 
cytochrome c is also in line with these previous observations. Thus, no 
qualitative differences are apparent in the requirements and the pattern 
of glucose oxidation between the liver and its neoplastic counterpart. Ob- 
viously more data are necessary to establish quantitative differences, if 
any. Extension of these studies to other mouse and rat tumors is in 
progress. 


DISCUSSION 


The system described affords a direct and unequivocal means of measur- 
ing the oxidation of glucose under conditions as close to physiological as 
can be attained in a preparation free of intact cells. Its advantages for 
studies of comparative carbohydrate metabolism, for ascertaining loci of 
action of hormones and other factors which, in general, may influence the 
metabolism of glucose or other sugars, and for identification of intermedi- 
ates are obvious. Several such studies are now under way and will be 
reported shortly. 

It is of interest to compare these results with those of some previous 
studies on carbohydrate oxidation in vitro. Many investigators (see, for 
example, Marsh (19)) have commented on the odd fact that tissue slices, 
including those of tumors, show little or no response in oxygen uptake to 
the addition of glucose, the only consistent exception to this rule being 
brain. Studies with C*-labeled glucose (12, 13) have, however, demon- 
strated that this is not due to inability to oxidize glucose but to substitu- 
tion of glucose for endogenous metabolites. 

The first direct demonstration of glucose oxidation by a cell-free system, 
to our knowledge, was made by Colowick et al. (1), who observed that ex- 
tracts of rat heart, brain, liver, and kidney consumed oxygen in the pres- 
ence of glucose, when fortified by the addition of magnesium ions, adenylic 
acid, cozymase, and catalytic amounts of succinate. Racker and Krimsky 
(2) prepared mouse brain homogenates which displayed high Qo, values 
when fortified similarly, and which in addition contained nicotinamide to 
inhibit DPN breakdown. Reiner (3) has reported that whole water ho- 
mogenates of rat brain oxidized glucose, but the presence of other oxidizable 
substrates such as hexose diphosphate and fumarate makes it uncertain 
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whether glucose itself was undergoing oxidation. Similar comments apply 
to studies of Kalnitsky and Barron (5) and Kaplan et al. (6), who have 
reported glucose oxidation in kidney homogenates. 

In contrast with these positive findings, Potter (4), in a detailed study 
of factors involved in oxidative phosphorylation in water homogenates of 
kidney, was unable to observe any indication of glucose oxidation under 
conditions in which the Krebs cycle intermediates and hexose phosphates 
underwent oxidation. In line with these results, the studies of LePage 
and Stoesz (15, 20, 21) indicated that, whereas glucose can be converted 
anaerobically to lactic acid by rat brain and Flexner-Jobling carcinoma 
homogenates, only phosphorylated sugars could be so utilized by liver and 
kidney homogenates. LePage has suggested (15) that a hormonal block 
may be preventing the phosphorylation of glucose in these tissues. On the 
other hand, Meyerhof and Wilson (17) did not obtain glycolysis anaerobi- 
cally from glucose in tumor homogenates, a finding which they attributed to 
an extraordinarily active ATPase activity. In confirmation of this view 
they found that the addition of either yeast hexokinase or inhibitors of 
ATPase enhanced glycolysis. 

The present data demonstrate that homogenized tissues retain the capa- 
bility of phosphorylating glucose and fructose and can oxidize these sugars 
to completion. It seems likely that the failure of investigators to observe 
glucose oxidation or glycolysis therefrom in tissue homogenates was due to 
the use of water or hypotonic homogenates, which leads to destruction of 
the labile system involved in glucose phosphorylation. 

The high DPN requirement for glucose oxidation was not surprising in 
view of the fact that at least four enzymes require this coenzyme; viz., 
triosephosphate, pyruvic, malic, and a-ketoglutaric dehydrogenases. The 
high concentration of DPN required for maximal activity is likewise not 
entirely unexpected inasmuch as three of these enzymes are bound by 
mitochondria. Presumably a high concentration, is needed to overcome 
the relative impermeability of the mitochondrial membrane. The ne- 
cessity of potassium, magnesium, and phosphate ions was likewise not un- 
expected, in view of their known effects in specific enzymes of carbohy- 
drate metabolism (22). 

The lack of any appreciable effect of ATP is not easily explainable, how- 
ever. In view of its involvement in the phosphorylation of glucose and 
fructose-6-phosphate, it is difficult to see why its addition is not required 
in the present system. It would seem unlikely that the endogenous ATP 
concentration, which, according to the data of LePage (23), would be at 
most of the order of 0.0001 m in our homogenates, is sufficiently high for 
maximal activation of hexokinase. Slein, Cori, and Cori (24) and Sols 
and Crane (25) reported values of K, for ATP for yeast and brain hexo- 
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kinases, respectively, of the order of 0.0001 m, and Weil-Malherbe and 
Bone (26) found that the half maximal ATP concentration for brain hexo- 
kinase was 0.0008 m. However, it appears, from the osmotic sensitivity 
of glucose oxidation, that glucose phosphorylation requires intact sub- 
cellular structures, thus implicating the mitochondria in this process. If 
much of the intracellular ATP is bound by mitochondria, it is possible to 
understand why its concentration in the mitochondria may be sufficiently 
high for maximal kinase activity and why the system might be relatively 
insensitive to the extramitochondrial ATP concentration. An alternate 
possibility is that glucose is directly phosphorylated from some intermedi- 
ate other than ATP. Recent findings from the laboratory of the late 
Professor Meyerhof (27, 28) lend some credence to this view. At any 
rate, it appears that oxidative phosphorylation of glucose in tissue homog- 
enates containing “‘intact”’ subcellular structures is an extremely efficient 
process which does not require additional factors for high activity. 


SUMMARY 


With the aid of C™ labeling, conditions have been established for demon- 
strating oxidation of glucose and fructose in whole homogenates of rat and 
mouse tissues. Kidney, heart, and liver have an absolute requirement for 
exogenous DPN, but brain homogenates, though stimulated by DPN addi- 
tion, oxidize some glucose in its absence. ATP addition has relatively 
little effect on glucose oxidation in kidney, liver, and heart. Without 
added DPN, glucose oxidation is stimulated slightly by ATP or AMP, 
but these have no effect on or inhibit the DPN-stimulated oxidation. The 
system requires magnesium, potassium, and phosphate ions, and the ac- 
tivity is enhanced by isotonicity of homogenization and incubation media. 
Under optimal conditions respiratory activity and glucose oxidation are 
very high, being of the order of at least twice the activity of slices. Fruc- 
tose was oxidized rapidly by the same tissue homogenates and exhibited 
the same cofactor requirements. Requirements for oxidation of glucose 
by the mouse hepatoma 98/15 were very similar to those of the non-neo- 
plastic tissues studied. 
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(1951), STUDIES ON THE RESPIRATORY SYSTEM OF THE POKY 
L STRAIN OF NEUROSPORA* 
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It was shown recently that the poky strain of Neurospora accumulates 
large amounts of cytochrome c, but is deficient in cytochromes a and b and 
thus in cytochrome oxidase and succinic acid oxidase activities (1). These 
findings, which suggest that respiration in poky does not utilize the cyto- 
chrome system, led to a study of the respiratory system of poky compared 
with that of wild type. The experiments reported here are concerned with 
the effects of the inhibitors cyanide and azide on the respiration of intact 
mycelium of poky and wild type, the oxygen uptake of cell-free extracts 
in the oxidation of their endogenous substrates, the cofactor requirement 
for this oxidation, and the effects of azide and of oxygen tension. Evi- 
dence presented confirms that, in poky, respiration does not depend upon 
the cytochromes, but upon another terminal oxidase system in which fla- 
vin-adenine dinucleotide (FAD) enzymes appear to be concerned. 


Materials and Methods 


Strains and Culture Methods—The poky and wild type strains used in the 
course of this work, as well as the methods of culture, were described in 
previous papers (1, 2). 

Respiration of Intact Mycelium—Manometric experiments were carried 
out with Warburg manometers, at 35°, in air, unless otherwise specified, 
with KOH in the center well. 

Samples of mold were washed three times with 20 volumes of 0.05 m 
phosphate buffer, pH 7.0, and were resuspended in fresh buffer. The poky 

| mycelium grown under forced aeration contained very short hyphae and 
| gave a homogenous suspension whieh could easily be pipetted, even when 
the mold was 7 days old. With wild type, however, the respiration of 
only very young mycelium (8 to 26 hours) could be measured satisfactorily, 


* These investigations were supported by funds from the Rockefeller Foundation, 
the Williams-Waterman Fund for the Combat of Dietary Diseases, and by funds 
from the Atomic Energy Commission administered through contract with the Office 
of Naval Research, contract No. N-6-onr-244, Task Order 5. 

+ Gosney Postdoctoral Fellow. Present address, Molteno Institute, University 
of Cambridge, Cambridge, England. 
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as older mold, consisting of longer hyphae, did not form a homogenous 
suspension. The respiration of the mycelium was measured in 0.05 m 
phosphate buffer (pH 7.0) in the presence of glucose (0.05 m). It should 
be noted that the endogenous respiration of the washed mycelium grown 
with 15 gm. of sucrose per liter was not modified by addition of su- 
crose or glucose. In each experiment an aliquot of washed mold was 
dried at 110° for determination of the dry weight. 

Cell-Free Extracts—The mold was washed three times with 20 volumes 
of distilled water, filtered with suction, and ground by hand in a mortar 
in the cold room (2°) with 0.5 part of sand and 1 to 3 parts of cold phos- 
phate-mannitol buffer (0.05 m phosphate, pH 7.0, containing 75 mg. of 
mannitol per ml.). The mixture was centrifuged for 5 minutes at 1000 x 
g, and the supernatant solution was used as such (crude extract), or dialyzed 
at 2° for 4 hours against 0.05 m phosphate, pH 7.0 (dialyzed extract), or 
fractionated by centrifugation at 60,000 x g for 30 minutes in a model L 
Spinco refrigerated centrifuge to yield a clear supernatant solution and a 
pellet of sedimented particles. The particles were washed once in phos- 
phate-mannitol buffer, centrifuged as above, and finally resuspended in 
one-fourth of the original volume of cold phosphate-mannitol buffer. 

The dialysate was prepared by dialyzing 20 ml. of 5 day-old poky crude 
extract against 100 ml. of distilled water for three hours at room tempera- 
ture. The dialysate was then concentrated to 5 ml. in vacuo at 50°. 

Analytical Methods—Phosphogluconic acid dehydrogenase activity was 
measured in acetone powder of the mold according to the method of Hor- 
ecker and Smyrniotis (3). 

Catalase was estimated by a procedure similar to that of Bonnichsen ef 
al. (4). Hydrogen peroxide solution (0.4 ml. of solution containing 1.5 
ml. of 30 per cent H.O: in 50 ml. of water) was added to 0.2 ml. of 0.5 m 
phosphate buffer (pH 7.0) and 8.4 ml. of water in a 50 ml. Erlenmeyer 
flask. 1 ml. of enzyme solution (1 ml. of buffer for the control) was added 
rapidly at zero time, and, after 20, 40, and 90 seconds, 2 ml. samples were 
withdrawn, mixed with 10 ml. of 2 per cent sulfuric acid solution, and 
titrated with 0.01 mM potassium permanganate. The experiments were per- 
formed at 22°. 

The orcinol pentose reaction was carried out according to the procedure 
of Mejbaum (5). 

Total reducing sugar was determined colorimetrically by use of the re- 
agents described by Dubois et al. (6). Samples (1 ml.) containing 10 to 
100 y of glucose were mixed with 1 ml. of 1 per cent phenol and 5 ml. of 
concentrated H.SO, and allowed to stand 30 minutes. They were then 
compared with known standards by means of a Klett colorimeter. Par- 
ticle preparations for sugar determinations were made in 0.2 m phosphate 
buffer (pH 7) without mannitol. 
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For the purpose of following sugar disappearance from culture media, 
samples were chromatographed on paper cylinders (7) of Whatman No. 1 
paper in a solvent consisting of 1 part of 1 per cent NH,OH and 5 parts of 
n-propanol. Samples containing 2 to 20 y of glucose (in 0.005 ml.) were 
placed on the paper near the unknowns. Chromatograms were developed 
by spraying dried sheets with 4 per cent benzidine in glacial acetic acid. 
After the sprayed sheets were heated at 100° for 10 minutes, sugar concen- 
trations in the sample were estimated by a comparison of the intensities of 
the spots from the unknowns with those from the knowns. 

For qualitative determination of flavins, the acetic acid-butanol solvent 
described by Crammer (8) was used for ascending chromatograms with 
Whatman No. 1 paper. 1 part of mold (wet weight) and 4 parts of 80 
per cent methanol were ground with sand in the cold room (+2°), left 
standing for 10 minutes, and then centrifuged for 10 minutes at 1000 X g. 
The supernatant solution was used directly for paper chromatography. 

Samples for quantitative determination of flavin and niacin were hydro- 
lyzed by autoclaving at 15 pounds per sq. in. for 15 minutes in the presence 
of 10 parts of 0.1 m HCl. The resulting solutions were adjusted to pH 5 
by addition of sodium acetate (2.5 m), and the concentrations of the vita- 
mins were determined microbiologically with Lactobacillus casei and Lacto- 
bacillus arabinosus for riboflavin and niacin respectively (9). 

Protein nitrogen was determined by nesslerization after digestion of tri- 
chloroacetic acid-precipitated material with sulfuric acid and H.Oo». 

Materials—The diphosphopyridine nucleotide (DPN) and triphospho- 
pyridine nucleotide (TPN) used were cozymase 65 and TPN 80 from the 
Sigma Chemical Company. Glucose-1-phosphate and glucose-6-phosphate 
were obtained from the Schwarz Laboratories, Inc. The sample of 6-phos- 
phogluconic acid was kindly supplied by Dr. R. 8. Bandurski. 


Results 


Respiration of Intact Mycelium—The results presented in Table I show 
that (1) the Qo, of the slow growing strain, poky, is roughly one-third that 
of the wild type mold; (2) the respiration of poky is not markedly affected 
by azide or cyanide, while that of wild type is strongly inhibited; (3) 
even with wild type there is an appreciable amount of azide- or cyanide- 
insensitive respiration. Other results, not shown in Table I, demonstrated 
that the wild type respiration is not increased by using pure oxygen in the 
Warburg vessel, while the respiration of poky doubles under these condi- 
tions. 

Respiration in Cell-Free Extracts—As is illustrated in Table II, the Qo, 
(N) of extracts of 3 day-old wild type was increased from 30 to 78.5 by 
addition of DPN and to 110 by addition of TPN. With 5 day-old wild 
type, DPN was relatively ineffective. The oxygen uptake by preparations 
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from mold of either age was reduced about 50 per cent by 0.002 m azide 
in the presence of TPN, while with young poky (4 days old) azide had either 
no effect or it produced a slight stimulation. With 6 day-old poky, azide 
caused some inhibition. In contrast to those from wild type, preparations 
from poky did not show a dependence on DPN or TPN at any of the ages 
investigated. ‘The results from experiments on the respiration of cell-free 


TABLE I 
Respiration of Intact Mycelium and Effects of Cyanide and Azide 


























or, ul Or up- Per cent inhibition 
Age of culture take ad ee 1K 
| 
hrs. 
Wild type 8 70-75 80 67 88 55 
26 68-76 | 71 50 82 52 
Poky 40 6 | 19 0 8 0 
48 | | 14 0 4 0 
96 | 30 | 7 0 0 3 
168 | 33 oll 0 0 18 
TaBLeE IIT 


Oxygen Uptake by Crude Extracts and Effects of DPN, TPN, and Azide* 








| fue ot | | + Azide | + DPN | + TPN | ~oe | 1 ow bee 
| 
days | | | 
Wild type 3 | 30.0 | 78.5 | 110.0 | 37.5 | 52.0 | 
| 5 | 0 0 13.0 | 87.0 12.6 | 54.0 99 
Poky | 4 | 15.9 | 17.0 | 19.3 | 21.2 | 26.4 
6 | 75.0 | 55.0 | 82.5 | 75.0 | 73.5 51.0 78 





* The results are given as Qo, (N) (microliters of O2 uptake per mg. of protein 
nitrogen per hour). The vessels contained added DPN or TPN in the amount of 
0.1 mg. per 2.5 ml. of reaction mixture. Azide, 0.002 m. 


extracts in the presence of pure oxygen were qualitative, like those ob- 
tained with intact mold. The use of oxygen in the place of air caused an 
increase in the Qo, (N) of poky (3 to 5 day-old cultures) of 100 per cent 
and an increase in the case of wild type (3 to 4 day-old cultures) of 20 to 
60 per cent. 

Oxygen Uptake by Dialyzed Extracts—Cell-free preparations from 3 or 
4 day-old poky cultures lost nearly all of their activity after a 3 hour dialy- 
sis, but the addition of TPN was sufficient to restore the oxygen uptake 
to the level of the undialyzed preparation. The results of a typical ex- 
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periment with a dialyzed extract of 5 day-old poky, with and without the 
addition of TPN and dialysate, are given in Fig. 1. When TPN alone was 
added to the dialyzed extract, the oxygen uptake became progressively 
slower than that of the crude extract plus TPN. However, in the presence 
of the dialysate, the oxygen uptake remained constant over a period of at 
least 1 hour. It was higher than that of the crude extract plus TPN, and 
it did not show any lag period in the beginning of the experiment. With a 


ISO 





100 


50 


pl OXYGEN UPTAKE 














MINUTES 


Fig. 1. Oxygen uptake by extracts from 5 day-old poky. The manometric flasks 
contained 0.6 ml. of crude extract or the corresponding amount of dialyzed extract 
and enough phosphate-mannitol to bring the final volume to 2.5 ml. TPN (0.1 mg.) 
was added to each flask. 


poky extract that had been submitted to a 6 hour dialysis, both TPN and 
the dialysate were necessary to restore the oxygen uptake by the system. 

Substrate for Respiration—Cell-free extracts, as well as intact mold, have 
a high endogenous respiration, and it was not possible to suppress it by 
short dialysis (6 to 8 hours). As shown below, the intact mold and the 
extracts contain a considerable amount of polysaccharide which presumably 
acts as substrate. Among the substances tested by being added to crude 
or dialyzed extracts, the following increased the oxygen uptake, but only 
in the presence of added TPN: glucose-1-phosphate, glucose-6-phosphate, 
and 6-phosphogluconic acid. The last was by far the most effective. 
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There was, however, a marked variation from one cell-free preparation to 
another with respect to capacity for oxidation of these added substrates. 
The orcinol pentose reaction (5) was found to be positive at the end of a 
manometric experiment without added substrate, and in the presence of 
6-phosphogluconic acid this reaction showed that a larger amount of pen- 
tose had been formed. The activity of phosphogluconic acid dehydro- 
genase was estimated and it was found that 1 gm. of acetone powder from 
wild type had an activity of 7.8 units. There was no significant difference 
between wild type and poky in this respect, although the activity found 
in acetone powder does not necessarily correspond with the activity of the 
enzyme in the mold itself. 














TaBLeE III 
Utilization of Sucrose by Wild Type and Poky Strains of Neurospora 
Re mt my yy gm 
Age of culture] DO sognt | | Site tee are 
Sucrose | Glucose | Fructose 
days mg. mg. | me. mg. |g. per 20 ml. ds walt 
Wild type 1.5 13 20 120 | 120 4.5 35 
2.0 41 0 90 110 ll 27 
2.5 55 0 40 | 80 20 36 
3.0 81 0 | 10 | 60 20 25 
Poky 3.8 3.5 | 20 | 120 | 120 1.2 35 
5.5 18 0 | 100 | 120 ies 
9.5 36 0; o}| o}| “4 | 99 

















* The flasks contained 300 mg. of sucrose per 20 ml. at the beginning of the ex- 
periment. 


Since the above experiments indicated that both wild type and poky 
contain a sizable reservoir of substrate, probably polysaccharide, experi- 
ments were carried out to provide more detailed information on this ques- 
tion. Results showing the course of utilization of sucrose by the “wo 
strains are presented in Table III. Glucose was estimated by the chro- 
matographic procedure described above. For estimation of the total glu- 
cose in the mold the pads were dried in vacuo and autoclaved at 15 pounds 
per sq. in. for 2.5 hours in the presence of 20 parts of 0.5 m HCl. Free 
glucose was found to be present to the extent of about 0.5 to 2 per cent of 
the dry weight of washed mold. The chromatographic experiments also 
demonstrated that intact mycelium from either wild type or poky yielded, 
on hydrolysis, no significant amount of any sugar besides glucose, even 
though the cultures were grown in the presence of sucrose, fructose, glucose, 
mannose, or acetate. The mold does contain a variety of sugar phosphates 
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and some free fructose, but these substances are not present in sufficient 
quantities to affect the results described above. No glucosamine was ob- 
served on any of the chromatograms. 

In further experiments wild type and poky mycelia were ground with 
sand and separated by centrifugation into large particles and soluble frac- 
tions, as described under the section on methods. These fractions as well 
as samples of the whole mold were hydrolyzed with acid, and sugars were 
determined colorimetrically (6). The results obtained, calculated as glu- 
cose in mg. per gm. of dry mold, were as follows: wild type (2.5 days), 
whole mold 440, particles 44, soluble 72; poky (3.5 days), whole mold 370, 
particles 12, soluble 95. These data are in reasonable agreement with those 
from the chromatographic procedure, but they show in addition that (1) 
about 75 per cent of the glucose produced by hydrolysis of the whole mold 
is not obtained in the cell-free extracts, and (2) the distribution of bound 
sugar between the particles and the soluble fraction is quite different in 
poky and wild type. Poky particles are quite deficient in glucose. Poly- 
saccharides have been isolated from the soluble fractions of poky and wild 
type by alcohol precipitation after removal of protein with trichloroacetic 
acid. These products are very soluble in water and they give no color 
with iodine. They yield only glucose on hydrolysis. 

Distribution of Flavin and Niacin—Paper chromatography of extracts of 
both poky and wild type mycelium demonstrated that essentially all of the 
flavin present was in the form of FAD. That FAD-X was not present was 
demonstrated by Dr. Hugh S. Forrest using the chromatographic procedure 
of Dimant et al. (10). 

Quantitative estimates of riboflavin and niacin in whole mold, in par- 
ticles, and in soluble fractions were made by use of standard microbiological 
procedures with L. casei and L. arabinosus (9). Results of these deter- 
minations are summarized in Table IV. These data show that poky con- 
tains nearly twice as much total riboflavin and niacin as wild type. The 
relative increase of flavin in the particles of young poky is perhaps signifi- 
cant in relation to the cytochrome independence of the respiration of poky 
at this age. On the other hand poky particles contain only a little more 
niacin than normal and the principal increase is found in the soluble frac- 
tion. 

Catalase—Values for catalase activity (Kat. f. (4)) were found to be 2.1 
and 1.9 for 2 and 4 day-old wild type, whereas the corresponding values 
for poky were 2.5, 2.2, and 2.5 for 2, 4, and 5 day-old cultures respectively. 

Interactions between Particles and Soluble Fractions—The experiments de- 
scribed above have demonstrated that both the particles and the soluble 
fractions of poky and wild type strains of Neurospora differ in several 
respects. It was also found that neither fraction alone from either strain 
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is capable of carrying on a significant amount of respiration. Therefore, 
as a basis for further examinations of the respiratory similarities and dif- 





























TaBLe IV 
Riboflavin and Niacin Content of Wild Type and Poky Strains of Neurospora 
| | | | 
| Protein N ny 
. | pone | Ratio, 
Strain sel Dry mold ae ee) i ae: 2 particles 
Particles ae supernatant 
days ¥ per gm. | ¥ per mg. y per mg. | 
Riboflavin Wild 2.5 46 1.0 1.5 0.67 
4.5 57 | 0.95 a3 | 0.76 
Poky 3.5 100 1.5 1.30) 1.15 
a 5.5 94 e.2 1.6 | 0.69 
Niacin Wild 2.5 230 3.2 19 | Mose 
” 4.5 300 2.7 11 | 0.24 
Poky 3.5 470 | 3.8 34 0.11 
a 5.5 400 4.2 35 | 0.12 
TaBLe V 


Interaction between Particles and Soluble Portions 
Oxidizing systems produced by mixing wild type particles (WP), wild type super- 
natant solution (WS), poky particles (PP), and poky supernatant solution (PS) in 
all combinations of particles and supernatant solutions. Each flask contained TPN 
(0.1 mg.) and enzyme preparation in a total of 2.5 ml. of phosphate-mannitol buffer. 
The results are given in microliters per hour. Each fraction alone did not take up 
an appreciable amount of oxygen. 

















From 3 day wild type and 5 day From 3 day wild type and 3.5 day 
poky cultures poky cultures 
Mixtures Oxygen uptake Oxygen uptake 
Per cent Per cent 
+ 0.001 a inhibition + 0.001 inhibition 
azide azide 

WP + WS 102 60 41 150 95 36 

PP + PS 225 180 20 90 85 5 

WP + PS 230 84 64 221 81 63 

PP + WS 154 95 38 35 20 43 























ferences between the particles and the soluble portions from the two strains, 
preparations were made and oxygen consumption was measured in mixtures 
of various combinations of fractions in the presence and absence of azide. 
Some results are summarized in Table V. Fractions from each strain were 
mixed in proportion to the amount of mold from which they were derived 
and TPN was added to the mixtures in all cases. It is clear from these 
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ore, data that the soluble fractions from either wild type or poky will interact 
dif- with particles from either source to give systems capable of oxygen uptake, 
but it should be noted that the poky supernatant solution added to either 
poky particles or wild type particles is far more effective than wild type 


1 supernatant solution. The inhibition by azide in non-homologous mix- 
eat tures (WP + PS and PP + WS) is much greater than would be expected 
5 from a consideration of the results with the homologous mixtures. For 





atant example, in the second experiment (Table V), the oxygen uptake for PP + 
PS was 90 with only 5 per cent inhibition by azide, while the same quantity 
of particles (PP) when mixed with the wild type soluble fraction (WS) gave 


7 an oxygen uptake of only 35, and yet in the latter case azide produced an 
6 inhibition of 43 per cent. The azide may, of course, be inhibitory to more 
“ than one reaction. 

7 . 

nl DISCUSSION 

1 The view that the respiratory system of young poky does not utilize the 
(2 


cytochromes, but is mediated by a cyanide- or azide-insensitive system, is 
supported by the following evidence. (1) Poky is deficient in cytochromes 
a and b, and thus in cytochrome oxidase and succinic acid oxidase activity 
(1). (2) Cytochrome c, the only component whose absorption band can 


iper- be seen under the spectroscope in a preparation of washed poky particles, 
S) in is reduced and is not readily oxidized by molecular oxygen; the same applies 
TPN to added beef heart cytochrome c. (3) The respiration of intact mycelium 
iffer. 


of young poky is insensitive to cyanide and azide, two substances which 
are known to block respiration by combining with cytochrome oxidase. 
The respiration of wild type mycelium, which has a complete cytochrome 
day system, is inhibited by these substances. (4) The oxygen uptake by cell- 
_ free extracts of young poky is insensitive to cyanide and azide, while that 
of wild type is inhibited. The oxygen uptake by crude extracts from 6 
= day-old poky becomes sensitive to cyanide and azide, although never as 
much as do extracts of wild type. 
Poky mycelium has a Qo, of 25 to 35. Most of the cases of cyanide- 


ce up 





: resistant respiration reported in the literature concern organisms with a 
3 lower respiratory activity, as for instance Bacillus delbriickii (Qo, = 1 to 3) 
3 (11) in which the “yellow enzyme” was presumed to act as terminal oxidase 
—— (12). However, some organisms devoid of cytochromes have respiration 
; rates very similar to that of poky (i.e., one of the lactic acid bacteria, 
a Betabacterium breve (Qo, = 37) (11), and in plants the spadix of Arum 
vures (Qo, = 32) (13)). While in these cases there is indirect evidence that 
ide. flavoproteins act as oxidases, the terminal oxidase itself is still unknown. 
PoC Two points seem to support the assumption that a flavin-adenine dinucleo- 
mite tide enzyme system acts as oxidase in poky. This strain contains about 








vim 
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twice as much flavin as the wild type, nearly all of which is accounted for 
as FAD, and poky respiration is sensitive to oxygen tension, as flavin en- 
zymes are known to be. However, it is not yet possible to arrive at a defi- 
nite conclusion on this question. 

In addition to the information given here on the differences that exist 
between the terminal oxidase systems of wild type and poky strains of 
Neurospora, data have also been presented that pertain to the more general 
problem of the nature of the over-all respiratory processes of the molds. 
It appears that in both of the strains under consideration exogenous carbo- 
hydrate is built into endogenous polysaccharides that provide the substrate 
reservoir which supports endogenous respiration. Polysaccharides are 
found in both particles and soluble fractions, but poky particles are rela- 
tively deficient in this respect. It is clear that the breakdown of hexose 
through pentose occurs in both of these Neurospora strains and the finding 
of an excess of TPN in poky (soluble fraction) suggests that the pentose 
pathway is especially prominent in this variant. However, the results 
with dialyzed extracts provide a basis for a detailed investigation of this 
question. The data on azide inhibition of oxygen uptake by homologous 
and non-homologous particle and supernatant fractions from poky and wild 
type indicate the existence of other differences between the fractions that 
have not yet been evaluated. 


SUMMARY 


1. Experiments on the respiration of intact mycelium and cell-free ex- 
tracts of wild type and poky strains of Neurospora have confirmed the 
observation that poky is not dependent on the cytochrome system for 
terminal oxidation. Wild type is largely dependent on this system. 

2. The oxidation of endogenous substrate in cell-free extracts of both 
poky and wild type has a marked requirement for TPN. 

3. There is about twice as much flavin and niacin in poky as in wild type. 

4. The respiration of intact poky mycelium is doubled in the presence of 
pure oxygen instead of air, while with wild type there is no significant 
difference under the two conditions. 

5. Neurospora normally contains polysaccharides which appear to serve 
as a reservoir of substrate for endogenous respiration. 

6. Results from experiments on respiration by mixed cellular fractions 
indicate that poky differs significantly from wild type Neurospora with 
respect to the supernatant solutions as well as the large cellular particles. 
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CERTAIN CHARACTERISTICS OF THE FATTY ACIDS FROM 
THE LIPIDES OF THE TUBERCLE BACILLUS* 


By JAMES CASON, GENE SUMRELL, C. FREEMAN ALLEN, GEORGE A. 
GILLIES, anp SANFORD ELBERG 


(From the Chemical Laboratory and the Department of Bacteriology, University of 
California, Berkeley, California) 


(Received for publication, April 29, 1953) 


As a result of the pioneering investigations of R. J. Anderson and co- 
workers on the lipides of the tubercle bacillus and recent investigations in 
this laboratory of the fatty acids from this bacillus, certain important 
questions have arisen concerning the relationship of the compounds studied 
chemically to those actually occurring in the bacteria. Since tuberculo- 
stearic acid was isolated (1) by a procedure involving hydrogenation, it has 
been suggested that it might have arisen from hydrogenation of either a 
double bond or a cyclopropane ring. The latter type of structure has 
been reported as present in a fatty acid from another microorganism (2). 
The a-methyl-a ,8-unsaturated C2;-phthienoic acid (3), of particular inter- 
est on account of its cellular activity (4), was isolated by distillation of its 
ester at temperatures above 200°; hence, the possibility arises that it could 
have arisen from the cracking of a 6-hydroxy ester. This possibility is 
suggested by the isolation (5) from the tubercle bacillus of higher molec- 
ular weight a-alkyl-8-hydroxy acids. In addition to these considerations, 
the physiological activity of C2-phthienoic acid has made desirable the 
investigation of additional lots of bacteria in order to determine whether 
a-methyl-a ,3-unsaturated acids occur consistently in the tubercle bacillus. 
The present paper reports a study of these three matters. 

The fatty acids studied were obtained from the lipides extracted with 
alcohol-ether from three different lots of bacteria: one lot' of a human 
strain grown on Long’s synthetic medium, one lot? of strain H-37 grown 
on Long’s synthetic medium (6), and one lot? of strain H-37 grown on 
Sauton’s medium (7). The total acids, as obtained from the first two lots 
of bacteria, were separated by fractional distillation of the methyl esters. 
The distillation patterns are presented in Figs. 1 and 2, and data concerning 
the fractions are summarized in Tables I and II. It may be noted that, 


* This investigation was supported in part by a research grant from the National 
Institutes of Health, United States Public Health Service. This is Paper XXVIII 
in the series entitled ‘‘Branched chain fatty acids.”’ 

1 We are greatly indebted to Dr. Fred Stimpert, Parke, Davis and Company, for 
supplying us with this lot of bacteria. 

* These lots of bacteria were grown especially for this investigation. 
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although there are minor differences in the components of the two lots of 
acids, major components are rather similar. In each, about one-third of 
the total is palmitic acid, there is a similar amount of acid in the Cis and 
Cis range, and there is a somewhat smaller amount of acid in the range 
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Fig. 1. Distillation of methyl esters of acids from a human strain of tubercle 
bacillus grown on Long’s medium. The original distillation of esters from 29.6 gm. 
of acids yielded 26.2 gm. of distillate and 2.01 gm. of residue. Two systematic re- 
distillations of the original fractions yielded 23.0 gm. of distillate distributed in the 
twenty fractions which are plotted. The width of the steps indicates the boiling 
range of the fractions. The area under a step is the weight of the fraction. 
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Fig. 2. Distillation of methyl esters of acids from strain H-37 of tubercle bacillus 
grown on Long’s medium. A single distillation of esters from 17.9 gm. of acids left 
a residue of 1.4 gm. and gave a total distillate of 15.7 gm. distributed in the thirteen 
fractions which are plotted. The width of the steps indicates the boiling range of 
the fraction. The area under a step is the weight of the fraction. 


above Ca. It is the latter two groups of acids which are of interest to 
the present study. 

The boiling points and distribution in Fractions 8 to 12, Fig. 1, show 
the presence of a major component with 20 carbons (19 in the acid), and 
the ultraviolet spectra (Table I) indicate that this acid is a saturated acid. 
The spectra also indicate that the fractions rich in Cy, ester contain a non- 
conjugated unsaturated ester. In order to verify this indication that tu- 
berculostearic acid occurs as such in the bacteria, Fractions 5 to 7, Fig. 2, 
were subjected to additional analyses and further separations involving 
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TaBLe | 
Distribution of Material in Fig. 1 














Includes a-methyl-a,8-unsatu- 


| rated esters{t 


a | B.p. Weight | _— Composition 
=. gm. | 
1-3 | 132-155 (3mm.) | 0.97 | 4.2 Minor components* 
4-6 | 155-156.5 (3 mm.) 7.93 | 34.4 | Methyl palmitate 
8-12 | 171-181 (3mm.) | 8.96 | 38.9 | Esters of Cis and Cy acidst 
14-20 | 214-256 (2 mm.) 3.74 | 16.2 | 
| 





Total distillate, 23.01 gm. 

* The ultraviolet spectrum of Fraction 1 (weight 0.34 gm.) is not characteristic of 
aliphatic compounds: ¢272 1920 (maximum), €2:9 5630 (slowly rising) ; also the index of 
refraction (n> 1.4800) is unusually high. Appreciable quantities of this component 
are in Fraction 2 (e209 1300), but it has been essentially eliminated by Fraction 3 
(e790 66, e210 455), whose absorption indicates the presence of non-conjugated un- 
saturated ester. 

+ The ultraviolet absorption of Fraction 8 increases rapidly below 210 my, and 
thus indicates the presence of non-conjugated monounsaturated ester (€2:5 435, e210 
464, €295 665). The absorption of Fraction 12 is nearly constant in this region (¢€15 
224, €210 234, e206 238), and thus indicates the absence of major amounts of unsaturated 
ester; the index of refraction (n® 1.4432) is normal for a saturated Co» ester. 

t For Fraction 17, e213 8700 (maximum), n> 1.4606; thus the presence of 71 per cent 
of a-methyl-a,8-unsaturated ester is indicated. For Fraction 16, the absorption 
indicated 67 per cent a,8-unsaturated ester. 


TABLE II 
Distribution of Material in Fig. 2 














— B.p. Weight | o eseal | Composition 
c. on. | 
2-3 150-157 (3 mm.) 4.36 | 27.7 | Methy] palmitate 
5-7 175-184 (3 mm.) 5.10 | 32.4 | Esters of Cis and Cy acids* 
9-13 205-260 (2 mm.) | 3.30 21.0 | Includes a-methyl-a,é-unsaturated 
esterst 
Column stripped at 0.25mm. | 1.48 9.4 t 








Total distillate, 15.74 gm. 

* The presence of non-conjugated, unsaturated ester in these combined fractions 
is indicated by an increase in ultraviolet absorption below 210 my (e215 214, e210 239, 
€203 262). 

t For these combined fractions, ¢2:3 4190 (maximum); thus the presence of 34 per 
cent a-methyl-a,8-unsaturated ester is indicated. 

t This very high boiling fraction appears to contain non-conjugated unsaturated 
ester as well as a,8-unsaturated ester (€215 1500, €21:9 1700, e205 2000). 
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chromatography on charcoal and use of urea complexes. Analysis of the 
mixed acids from these fractions by alkali isomerization (see ‘Experi- 
mental’) showed the absence of appreciable quantities of polyunsaturated 
acids, while the iodine number and quantitative hydrogenation indicated 
the presence of 32 per cent unsaturated acid. Separation of the acids ob- 
tained after hydrogenation by use of urea complexes yielded 49 per cent 
of a liquid acid which is branched chain since it did not form a complex 
with urea. Since the molar quantity of this acid is considerably in excess 
of the moles of hydrogen consumed on hydrogenation, it could not have 
arisen entirely from hydrogenation of a double bond or cyclopropane ring. 
The band characteristic of the cyclopropane ring was absent in the infra- 
red spectrum of this acid. It was identified as tuberculostearic acid by 
direct comparison of its p-bromoanilide with that of synthetic (—)-10- 
methyloctadecanoic acid; also, the melting point of the acid was raised by 
admixture with (+ -)-10-methyloctadecanoic acid (the polymorphic pt iso- 
mer has a higher melting point). Since the best sample of synthetic tu- 
berculostearic acid (8) melts at 13.5°, the melting point (9-11°) of the acid 
obtained directly from the urea column indicates the absence of significant 
quantities of other branched chain acids. 

For further confirmation of the presence of tuberculostearic acid as such, 
a sample of the mixed acids (Fractions 5 to 7, Fig. 2): was subjected to 
chromatography on charcoal. The order of elution was n-octadecenoic 
acid, tuberculostearic acid, and stearic acid. Tuberculostearic acid could 
not be cleanly separated from the others by this technique; however, it was 
possible to separate the unsaturated acid sufficiently well to give 40 per 
cent of the material, with an iodine number of only 6.7. Separation of 
stearic acid as its urea complex yielded a liquid acid, with an iodine num- 
ber of 7.2, and the cyclopropane band was absent from its infra-red spec- 
trum. Finally, the above data yield for the composition of the mixed 
acids 32 per cent n-octadecenoic acid, 19 per cent stearic acid, and 49 per 
cent tuberculostearic acid. These figures are consistent with the equiva- 
lent weight of 292 + 2 determined for these acids and with the deductions 
based on boiling points and spectra (Fractions 8 to 12, Fig. 1 and Table I). 
Thus, several different lines of investigation support the original report of 
Anderson and Chargaff (1) that tuberculostearic acid is a component of 
the lipides of the tubercle bacillus. 

The a,f-unsaturated acids were assayed by means of their ultraviolet 
absorption spectra, for this has been shown (9) to be a reliable method for 
the qualitative and quantitative determination of a,8-unsaturated acids 
or esters. By this method a substituent on the double bond can be de- 
tected, for such a substituent shifts the absorption maximum from about 
210 mu to about 217 my. In the present instances, such a shift must be 
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ascribed to an a substituent, since saponification of an a,8-unsaturated 
ester with a 6 substituent leads to a mixture of a,8- and 8,y-unsaturated 
acids (9). Thus, the data in Tables I and II show that the higher molec- 
ular weight esters contain a considerable proportion of a-alkyl-a ,8-unsat- 
urated esters (in C27-phthienoic acid, the a-alkyl is methyl). It is of 
further interest that in both lots of acids (Figs. 1 and 2) the highest con- 
centration of material is in the region of the ester of a Cz; acid. This 
predominance of the C2; acid (or acids) is especially marked in strain H-37 
grown on Long’s synthetic medium (Fig. 2), and this would appear re- 
sponsible for the previously reported (3) isolation of a pure, physiologically 
active (4) acid with 27 carbons. 

In order to show that the a-methyl-a,8-unsaturated acids are present 
as such in the bacteria and do not arise by thermal cracking, during dis- 
tillation, of 8-hydroxy esters, the acids from the third lot of bacteria (strain 
H-37, Sauton’s medium) were separated by chromatography on charcoal. 
The fractions so obtained (Table III) were examined by ultraviolet spec- 
troscopy (Fig. 3) so that there may be presented a somewhat more com- 
plete picture of the pattern of composition than has been obtained for the 
distilled fractions. Calculations based on equivalents of acid in the various 
fractions (Table III) give the following: Fractions 1 to 3, 52 per cent of 
the total; Fractions 4 to 12, 25 per cent; Fractions 14 to 25, 21 per cent. 
Chromatography of known compounds has shown that oleic acid is eluted 
somewhat more rapidly than palmitic acid, but is not cleanly separated 
from it; also the ultraviolet spectra of Fractions 2 and 3 show the presence 
of some non-conjugated unsaturated acid. It is thus indicated that the 
percentage of Fractions 1 to 3 is greater than the content of palmitic acid, 
and the percentage of Fractions 4 to 12 is less than the content of Cis and 
Ciy acids. The spectra of Fractions 4 to 12 are also consistent with the 
composition determined more reliably for Fractions 5 to 7, Fig. 2. The 
spectra of Fractions 14 to 25 show unequivocally the presence of a-methyl- 
a,6-unsaturated acids in this lot of unheated acids. Thus, the distribution 
of major components in this lot of acids is strikingly similar to that of 
the two lots of acids separated by distillation of the esters. 

In order to obtain more definite information concerning the a-methyl- 
a,6-unsaturated acids, Fractions 14 to 17 were combined and freed of any 
neutral material. The resultant semisolid acid had an equivalent weight 
of approximately 420, and the spectrum indicated 37 per cent of a-methyl- 
a,8-unsaturated acid (note comparison with Fractions 9 to 13, Table IT). 
The material appears to be almost entirely branched chain, for 85 per cent 
of it was recovered after passage through a column of urea. 

Two additional features of the acids separated by chromatography seem 
worthy of comment. Fraction 13 (Fig. 3) appears to be a rather definite 











440 FATTY ACIDS FROM TUBERCLE BACILLUS 


entity between the Cig, Cig fraction and the a,8-unsaturated fraction. The 
extinction coefficient of about 5000 (calculated for a molecular weight of 


TaBLe III 
Chromatography on Charcoal 


The adsorbent was 20 gm. of a well blended 2:1 mixture (by weight) of Celite No. 
521 and Darco G-60. The charge was a 95 per cent ethanol solution of 642 mg. of 
mixed fatty acids from strain H-37 of tubercle bacillus, grown on Sauton’s medium. 























Fraction No.| Eluent* Acidityt Appearancet Posten | Eluent* Acidityt | Agpene- 
m!. uM per mi. | | ml. uM per mi. 
1 387 3.23 | Sg us | om | ose | co. 
2 224 1.138 C. mol) a 4 a vee 
3 177 0.64 a .16 - |. 0m) | 
4 147 RR hi Mv obiadlts: bo a. 1 
5 212 0.39 ‘s | 18 371 | O24 | S. 
6* 251 | 0.35 ~~ | = | 2a. hk loll ce 
7 7606| «0.38 | «66 | (| lots | le | 
8 265 | 0.29 ae Paget: we + . Sa) hah 
9 28 | 0.26 a 2 OS. lho. 
10* 220 86| 0.66 | Sz. weap a oF 
11 | 195) =| (0.45 ee a 230 =| (0.10 0. 
12 | 180 | 0.27 a | 25* | §40 | Trace “ 
13 203 oa a 





* The initial elution was with 95 per cent ethanol. At the end of Fraction 5, the 
eluting solvent was changed to absolute ethanol; at the end of Fraction 9, 5 per cent 
benzene in ethanol; at the end of Fraction 13, 15 per cent benzene in ethanol; at the 
end of Fraction 20, 50 per cent benzene-ethanol; at the end of Fraction 24, benzene. 
At the conclusion of elution, the adsorbent was extruded and extracted with hot 
benzene, followed by hot aqueous alkali; no appreciable quantity of water-insoluble 
acid was obtained. 

t The acidity was determined by titration with 0.0200 n alkali. A small amount 
of acidic material is eluted from Darco G-60 throughout elution with at least 25 liters 
of solvent. This acid amounts to about 0.025 um per ml. at the beginning of elution 
and progressively decreases to less than one-fourth that value. These traces of 
“charcoal acid”’ are easily removed from the eluted fatty acids by washing a hexane 
_ Solution with water. This treatment also removes the phenolphthalein used as 
indicator for the titrations. 

t O. indicates an oil, S. semisolid or partly crystalline material, and C. crystalline 
material. 

§ The product from the final half of this fraction was crystalline. 


340) at 200 my suggests a reasonably good sample of non-conjugated 
monounsaturated acid. The material in Fractions 23 to 25, although small 
in amount, is of interest. For Fraction 25, the high extinction coefficients 
(calculated for a molecular weight of 500) of 17,000 at the maximum at 
about 220 my and of 30,000 at 200 mu show the presence of an a,§ un- 
saturation in the same molecule with at least 3 additional non-conjugated 
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double bonds. The spectra of Fractions 15 and 19 have similar charac- 
teristics, as does that of the highest boiling material in Table II. 
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Fic. 3. Ultraviolet absorption spectra of fractions from Table III. Since the 
molecular weights of the fractions are not known accurately, the ordinates are 
plotted in terms of the molar extinction coefficient divided by the molecular weight. 
Multiplication of this quantity by the approximate molecular weight gives an ap- 
proximate molar extinction coefficient. The solvent was a spectroscopically pure 
hydrocarbon fraction consisting largely of hexane. This solvent was also used for 
solution of the acids for washing out ‘“‘charcoal acid’”’ and phenolphthalein (see Ta- 
ble III, second foot-note). Uniformly low absorption at 280 my indicates complete 
removal of phenolphthalein. Concentrations were adjusted so that the optical 
density was in the range 0.15 to 1.5, and matched quartz cells were used. 


EXPERIMENTAL 


Processing of Bacteria—Each lot of bacteria was extracted with 1:1 
alcohol-ether (peroxide-free) essentially as described by Anderson (10). 
Extraction was repeated (two to three times) until a negligible amount of 
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material was extracted. The residual cells were stored under chloroform 
for possible investigation of chloroform-soluble fractions. Most of the 
ether was distilled from the extracts on a steam bath. A two-phase solu- 
tion remained; the aqueous phase was extracted with peroxide-free ether, 
Lipides were recovered from the combined organic phases by removal of 
solvent at reduced pressure, and the residue was dried to constant weight 
in a vacuum. 

The lipides were saponified by heating under reflux for 5 hours with 120 
ml. of 1 N alcoholic potassium hydroxide for each 10 gm. of lipides. The 
reaction mixture was decanted from carbohydrate and other insoluble ma- 
terial and the fatty acids were separated from neutral and water-soluble 
material by the usual procedures. Methyl esters were prepared by heat- 
ing the acids under reflux for 7 hours with 35 ml. of methanol and 1.7 ml. 




















TaBLe IV 
Processing of Bacteria 
Lot of bacteria (culture medium) ponte = Lipides pm a Acids 
=e 4 {ea | om oo. | gmc 
Human strain (Long’s)........... 3.0 62.2 5.8 29.6 (48) 
eS) ee eee re 1.2 30.0 5.6 17.9 (60) 
eee 0.6 15.9f 2.0 6.9 (43) 








* The figures in parentheses are the per cent, by weight, of lipides saponified. 
t Saponification of these lipides yielded 6.4 gm. (40 per cent) of alcohol-insoluble 
material. 


of concentrated sulfuric acid per 10 gm. of fatty acids. Phthiocol and 
other acidic materials were extracted from the esters with alkali before they 
were separated and distilled. Data on the extractions are assembled in 
Table IV. 

Fractional distillations were carried out with the equipment previously 
described (11) in detail. Data are assembled in Tables I and II and Figs. 
1 and 2. 

Chromatography on Charcoal—A 2 cm. Pyrex tube was packed with a 
slurry of the Darco-Celite mixture. Solvent was forced through the col- 
umn under a constant pressure of 4.5 pounds per sq. in. of nitrogen, and a 
Teflon stop-cock (requiring no lubrication) was used to close the column 
at the bottom when elution was interrupted. Channeling of the adsorbent 
usually occurred if pressure on the column was changed significantly during 
a run. Separatory funnels used for extraction were also equipped with 
Teflon stop-cocks so that exposure to stop-cock grease might be avoided. 
Fractions were changed automatically at constant time intervals, yielding 
about 20 ml. of eluent, but the rate of flow varied somewhat with tempera- 
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ture and composition of the eluting solvent. Each subfraction was usually 
titrated separately, and appropriate fractions were combined for investi- 
gation. 

Data on the chromatography of a sample of acids from the third lot of 
bacteria (Table IV) are assembled in Table III and Fig. 3. Chroma- 
tography of acids obtained by saponification of Fractions 5 to 7, Fig. 2, 
is described in a later section. 

Behavior of Known Compounds on Columns of Urea—Although there is 
an extensive recent literature on the separation of straight and branched 
chain compounds by use of complexes or ‘‘clathrates”’ with urea, it appears 
that this technique has not been applied in a column in the manner that 
adsorbents are used in chromatography. For this reason, some data have 
been collected on known compounds. C.p. urea which had been ground in 
a ball mill and passed through a 100 mesh screen was used. The solvent 
for application of acids and washing was 1 per cent of methanol in isooctane 
(distilled from solid potassium hydroxide). About 300 moles of urea per 
mole of fatty acids were used. The column was firmly dry packed and 
operated by gravity flow. 

When 100 mg. of stearic acid were applied to such a column in the meth- 
anol-isooctane solvent, all the acid was held in the top 10 per cent of the 
column, and elution with 150 ml. of solvent failed to carry any acid into 
the eluent. Oleic, tuberculostearic, 2-methyloctadecanoic, 2-methyldodec- 
anoic, and 2-methyl-2-hexacosenoic acids, when applied individually, were 
all washed readily from the column with 20 to 30 ml. of solvent. When 
oleic acid was applied to the column in solution with an equal amount of 
stearic acid, all of the stearic and about two-thirds of the oleic acid were 
held in the column. Absorption of some tuberculostearic acid also occurred 
in the presence of stearic acid, and the amount of branched chain acid 
absorbed was proportional to its concentration. The following data were 
obtained when the column was washed with 40 ml. of solvent. 





Stearic acid Tuberculostearic acid Tuberculostearic acid absorbed 








mg. ar mc mg. mg. rn per cent 
25 25 7.5 30 
26 51 10.7 21 


Thus, in the second experiment, 79 per cent of the tuberculostearic acid 
was immediately separated from the stearic acid. When the column of 
urea was dissolved in water and the acids extracted and applied similarly 
to a second smaller column, an additional 19 per cent of the original tuber- 
culostearic acid passed through the column. Thus, 98 per cent of the 
tuberculostearic acid was rapidly separated in a pure condition, and pure 
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stearic acid could be obtained by one crystallization of the acid recovered 
from the second column. 

A practical separation of oleic and stearic acids has not been achieved 
by use of urea in columns, but a part of the oleic acid may be obtained from 
the eluent in a pure condition. 

Fractions 14 to 17, Table III—The weights obtained from these fractions 
were, respectively, 13.1, 5.2, 10.2, and 8.8 mg. Some neutral material was 
indicated from the equivalent weight of 610 for the combined material; 
so an aqueous solution of the sodium salts was extracted counter-currently 
with several portions of spectroscopic grade hexane. There was some loss 
of material in emulsions, but 16.1 mg. of semisolid acid with an equivalent 
weight of 420 + 20 (calculated for C2;7H5202, 409) were recovered. Pas- 
sage of this sample through a urea column, as described above, yielded 
13.6 mg. of acids from the eluent. The ultraviolet spectrum of this 
sample gave a single sharply defined band, similar to that of Fraction 16, 
Fig. 3, €216 4200 (maximum). 

Investigation of Fractions & to 7, Fig. 2. Analysis of Mixed Acids— 
Polyenoic acids were determined by alkali isomerization and ultraviolet 
absorption of the isomerized product, according to the method which has 
been described in detail (12). On known mixtures of linoleic and linolenic 
acids, the method was found to give the accuracy claimed. Polyenoic 
acids found in the mixed acids were essentially nil (dienoic, 0.34 per cent; 
trienoic, 0.0 per cent; tetraenoic, 0.13 per cent). 

A micro iodine number (13) of 26.8 indicates 30 per cent of monoenoic 
acids calculated as octadecenoic acid. Quantitative hydrogenation of 1.755 
gm. of acids in glacial acetic acid over platinum oxide catalyst gave an 
absorption of 44.8 ml. of hydrogen (standard pressure and temperature, 
corrected for absorption of the catalyst); this corresponds to 565 mg. of 
octadecenoic acid or 32 per cent of the mixture. Since micro iodine num- 
bers are reported (13) to be slightly low, the value obtained on hydrogena- 
tion is regarded as more reliable. 

The equivalent weight was determined as 292 + 2. If the unsaturated 
acid is octadecenoic acid (see below), the composition may be calculated. 


(0.32) (282.5) + (1 — 0.32 — TBS) (284.5) + (298.5) TBS = 292 + 2 


Thus TBS (tuberculostearic acid) is 0.578 + 0.143 or 58 per cent + 14 per 
cent, stearic acid is 10 per cent + 14 per cent, and octadecenoic acid is 32 
per cent of the mixture. 

Separation of Hydrogenated Acids—The hydrogenated acids (1.76 gm.) 
were passed through a urea column in the fashion described above to yield 
0.66 gm. of acid in the effluent. Acid absorbed on the column was re- 
covered and passed through a second column, and the absorbed acid on 
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ed | this column passed through a third column. In order to insure removal 
of stearic acid, the effluent from the second and third columns was passed 
through another small column of urea; acid passing this final column 
om — amounted to 0.20 gm. Thus the branched chain acid amounts to 0.86 
gm. (49 per cent of the total), and the total normal acid is 51 per cent, of 
which 32 per cent was originally unsaturated (compare with the composi- 
vas | tion calculated above). 

al; Solution of the final two columns of urea in water yielded a solid acid 
tly | melting at 61-65.5°. One crystallization from acetone raised the melting 
O88 | point to 67.0-69.2°; mixed melting point with pure stearic acid, 67.5-69.9°. 
ent | Thus, it is indicated that stearic acid is the only normal acid present in 
as- | significant amount. 

led Characterization of Tuberculostearic Acid—The liquid acid passing 


NS 


his through the urea columns, after evaporative distillation to insure removal 
16, of solvent, had an equivalent weight of 300.5 (calculated for CisH3sO:, 
298.5), m.p. 9-11°; no change in melting point on repeated remelting. A 
s— | sample (0.503 gm.) of this acid was mixed with an equal weight of syn- 
let thetic (+ )-10-methyloctadecanoic acid (8), m.p. 13-13.5°, and the mixture 
has evaporatively distilled to give a product melting at 16-18.7°. This be- 
= havior is characteristic of the polymorphic (8, 14) pi-10-methyloctadec- 
‘ole | anoic acid. 
nt; The p-bromoanilide, made by the procedure previously described (15) ex- 
‘ cept that the acid chloride was prepared with phosphorus trichloride, was 
- crystallized with difficulty from acetone, and proved to be polymorphic. 
i) 


For the derivative of the natural acid, the melting point was 75-78.6°; 
an remelting point, 66.0-66.6°. For the derivative of synthetic (—)-10-meth- 
yloctadecanoic acid, the melting point was 76-80.5°; remelting point, 66.1- 
_ of 66.5°. For the mixture of the two, the melting point 77-80.5°; remelting 
im- | point, 66.0-66.4°. The derivative of the natural product was analyzed. 


CeosHaNOBr (452.5). Calculated, N 3.10; found, N 2.93 


ted Chromatography of Mixed Acids—A sample of 0.88 gm. of mixed acids 
d. was applied in 100 ml. of 85 per cent ethanol to a column containing 20 
gm. of a well blended mixture (2:1) of Celite-Darco. The column was 
eluted with the same solvent until ten fractions, total volume 2320 ml., 
per had been collected. Products from all of these fractions were clear liquids 


5 32 except for Fraction 10, which contained some crystals. Iodine numbers 

for Fractions 3, 7, and 10 were, respectively, 46.8, 33.3, and 11.8. The 
m.) remainder of the acid was rapidly eluted with absolute ethanol and benzene 
ield and combined with the product from Fraction 10 to yield 350 mg. (40 per 
re- cent of total) of semisolid acid with an iodine number of 6.7. A single 
on 


passage of this sample through a urea column yielded an effluent containing 








Yiim 
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100 mg. of a liquid acid with an iodine number of 7.1. Thus, the data 
indicate that this fraction, isolated from unhydrogenated acids, consists 
largely (92 per cent) of a saturated branched chain acid. 

The acid recovered from the urea column was absorbed on a second col- 
umn of urea. Acid recovered from this second column, after one crystalli- 
zation from acetone, melted at 67.4-69.1°; mixed melting point with stearic 
acid, 68.0-69.7°. This sample of acid gave a p-bromoanilide melting at 
114.6—115.2°; mixed melting point with p-bromostearanilide, 114.7-115.3°. 
When p-bromostearanilide was mixed with the p-bromoanilides of palmitic 
acid or eicosanoic acid, a distinct depression in melting point was observed. 
Thus, in accord with calculations above, stearic acid is present in the mixed 
acids prior to hydrogenation. 

Fractions 1 to 9 from the original chromatography were rechromato- 
graphed on charcoal to yield in the final fractions 110 mg. of a liquid acid 
with an iodine number of 12.1. 


SUMMARY 


The fatty acids from the alcohol-ether-soluble lipides of three lots of 
tubercle bacillus have been investigated. Each lot of acids has a similar 
composition, consisting of three major components: 28 to 34 per cent 
palmitic acid, 32 to 39 per cent Cis and Ci, acids, and 16 to 21 per cent 
higher molecular weight acids, of which about one-third consists of a- 
methyl-a ,8-unsaturated acids. Some of the higher molecular weight acids 
also contain non-conjugated unsaturation. 

The fraction of Cig and Cy acids consists largely of n-octadecenoic acid, 
stearic acid, and tuberculostearic acid. Several lines of evidence indicate 
that the latter acid is present as such and not formed by hydrogenation of 
an unsaturated acid or one containing a cyclopropane ring. 

In order to show that the a-methyl-a ,8-unsaturated acids are not formed 
by thermal cracking, during distillation, of 6-hydroxy esters, one lot of 
acids was separated by chromatography on charcoal. The content of a,6- 
unsaturated acids was similar to that of the two lots separated by distilla- 
tion of the methy] esters. 

A method is described, employing urea in columns, by which branched 
and normal acids may be separated rapidly and essentially quantitatively. 
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SYNTHESIS AND PROPERTIES OF 1(+)-2,4-DIMETHYL- 
2-DODECENOIC ACID* 


By JAMES CASON anp C. FREEMAN ALLEN 
(From the Chemical Laboratory, University of California, Berkeley, California) 


(Received for publication, April 29, 1953) 


In a recent paper (1) from this laboratory, there was reported the isola- 
tion of a Cz; acid, termed Cz;-phthienoic acid, from a fraction of acids 
originally separated by Spielman and Anderson (2) from the lipides of the 
tubercle bacillus. Since this acid, believed to be homogeneous, was found 
(3) to induce the cellular response originally reported by Sabin (4) for 
certain acidic components of the tubercle bacillus, its structure was inves- 
tigated. In a second paper (5), there was proposed for C2;-phthienoic acid 
the partial structural formula, I, which specified all structural features 


Cc sation Wl ey H—CH:—C H=C—C 0 2H 


CH; CH; CH; 
(I) 
ene 5 ite Py) H+=C—CO.-.H 
CH; CH; CH; 
(Il) 


except the exact location of the third branching methyl group and geo- 
metrical isomerism at the double bond. All features indicated in this 
structure seemed established unequivocally except the position of the sec- 
ond methyl group. This substituent must be near the double bond, for 
hydrogenation of phthienoic acid lowers the molecular rotation from 73° 
to 11°. The methyl] was assigned to the 5 position (formula I) rather than 
the 4 position (II), because heating of phthienoic acid to 230° gave only 
partial racemization and formation of very little lactone.’ Since an a,@ 
unsaturation is thermally equilibrated with the 8,y position, it would be 
expected that heating above 200° would rapidly racemize an asymmetric 
center at position 4, as in formula II. Furthermore, no racemization or 
equilibration of the double bond occurs when an ester of phthienoic acid 


* This investigation was supported in part by a research grant from the National 
Institutes of Health, United States Public Health Service. This is Paper XXIX in 
the series entitled ‘‘Branched chain fatty acids.” 

1 For a discussion of this evidence, refer to Cason et al. (5). 
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is saponified, whereas saponification of a synthetic 2-alkenoic ester (6) 
gave rise to a mixture of 2- and 3-alkenoic acids. 

In spite of the above evidence supporting structure I, it has been proved 
untenable by synthesis (7) of L(+ )-2 ,5-dimethyl-2-tridecenoic? acid, which 
has a molecular rotation of 2.2°, only 3 per cent of that observed for phthien- 
oic acid. Since considerable physical evidence (1, 5) indicates that phthien- 
oic acid is an open chain structure not containing a quaternary carbon 
atom, formula II appears to be the only alternative structure. Examina- 
tion of synthetic 1L(+)-2,4-dimethyl-2-dodecenoic? acid (III) has now 


CsHi;-—CH—CH=C—CO0.H 


CH; CH; 
(III) 


shown that this structure may be reconciled with the observed properties of 
phthienoic acid. The a-methylsubstituent proves to have an unexpectedly 
large effect in preventing or reducing the rate of equilibration of the double 
bond with the 8,7 position. Heating at 225° for 30 hours caused only 6 
per cent racemization. Since saponification of the ester did not cause 
racemization, this structure appears to give no enolate ion in alcoholic 
alkali. 

The molecular rotation of the synthetic acid is 90°, even higher than that 
of the natural product, and hydrogenation lowers the rotation to 2.7°, a 
value significantly smaller than that (11.7°) reported (1) for hydrogenated 
C2;-phthienoic acid. It is not yet possible to say whether these differences 
in rotation are caused by a difference in geometrical isomerism between 
the synthetic and natural acids, for cis and trans isomers have not been 
obtained. Careful fractional distillation of methyl (+)-2,4-dimethyl-2- 
dodecenoate did reveal the presence of a very small amount of a lower 
boiling ester; therefore, a larger amount of methyl pL-2 ,4-dimethyl-2-dec- 
enoate? (IV) was prepared in order to permit a more effective search for a 
second geometrical isomer. In the latter ester, a small amount of isomer 
boiling only 6° below the principal component was found to be present; 
however, its ultraviolet absorption spectrum showed it to be not the ge- 
ometrical isomer of the 2-methyl-2-alkenoate but the structurally isomeric 


2 The capital letter nomenclature is used in this paper to indicate configurational 
relationships to glyceraldehyde. The reliability of these relationships may be re- 
garded as quite good (cf. Prout et al. (8), also the more detailed information presented 
by Stallberg-Stenhagen (9)). In instances in which there is more than 1 asymmetric 
carbon, it is quite convenient to indicate the configuration (or racemic condition) of 
the respective carbons by a capital letter following the number locating the sub- 
stituent on the chain. This type of nomenclature has been suggested and used to 
considerable advantage by Stillberg-Stenhagen (10). 
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2-methylenealkanoate (V), a type of compound previously characterized 
(11). Since the methylene-substituted ester bears one less substituent on 


Cs6His—CH—CH==C—CO.:CH; C.H,;—CH—CH, 





C—CO.CH; 


| 


CH; CH; CH; CH, 
(IV) (V) 


the double bond than does the 2-methyl-2-alkenoate, the maximum in its 
ultraviolet absorption occurs at 208 my, about 7 my below the maximum 
for ester IV (see Table II). It appears that obtaining the other geomet- 
rical isomer of the 2-methyl-2-alkenoic acid must await application of 
methods for conversiofi of one geometrical isomer to the other, or possibly 
other methods of separation. 

The only other published investigation of synthetic 2-methyl-2-alkenoic 
acids appears to be that recently reported by Jocelyn and Polgar (12); 
however, they did not purify their products by fractional distillation. Al- 
though no indices of refraction or equivalent weights were reported, their 
molecular rotations and extinction coefficients in the ultraviolet region in- 
dicate rather impure products, as would be expected from our data on 
fractional distillation (see Table II). These investigators prepared (—)- 
2,4,8-trimethyl-2-nonenoic acid, VI, which differs from our (+)-2,4-di- 


CH,—CH—(CH,);—CH—CH=C—C0.H 
| | 


CH; CH; CH; 
(VD 


methyl-2-dodecenoic acid, III, only in having the terminal isohexyl group 
rather than the n-octyl group. The considerable information available on 
optically active branched chain acids indicates that this structural differ- 
ence should cause only a minor difference in molecular rotation, and this 
is borne out by the very similar rotations in the two series of the three 
precursors to the unsaturated acids (see ‘““Experimental’’). In spite of 
this agreement for all the precursors, the 2,4-dimethyl-2-alkenoic acid 
prepared by the English workers is reported to have a molecular rotation 
of only 49°, little more than half that of the acid prepared by us* and only 
two-thirds of the rotation of the C2-phthienoic acid. The properties of 
the 2,5-dimethyl- and 3-methyl-2-alkenoic acids reported by Jocelyn and 
Polgar (12) are also in disagreement with our values (6, 7) for these types. 


3 We have been advised by Mrs. Stina Stallberg-Stenhagen, University of Uppsala, 
in a private communication, that she has also prepared the ester of an active 2,4- 
dimethyl-2-alkenoic acid. The properties of her ester are in agreement with those 
of our ester; in fact, she reports a molecular rotation somewhat higher than ours. 
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EXPERIMENTAL‘ 
L(+ )-2 ,4-Dimethyl-2-dodecenoic Acid? 


L(—)-3-Methylhendecanoic acid, prepared by the method previously de- 
scribed (8), had n° 1.4389, [a] —5.07°; 3° 1.4389 and [a] —5.04° were 
previously reported. For the analogous acid (in the other stereochemical 
series) with an isohexyl end-group, Jocelyn and Polgar (12) reported [a}}’ 
+4.2°. 

L(+)-1-Bromo-2-methyldecane—According to the procedure previously 
published (13) for preparation of tridecyl bromide, 39.8 gm. of (—)-3- 
methylhendecanoic acid were converted to the silver salt in 97 per cent 
yield, and this was treated with 1 molar equivalerft of bromine in carbon 
tetrachloride solution. After the reaction mixture had been worked up 
as described previously, the product was distilled to yield 37.8 gm. (80.6 
per cent) of the desired bromide, b.p. 126-127° (14.5 mm.), n? 1.4553, 
d®5 1,050, a2 +0.320° (homogeneous), [a] +0.30°, [M2 +0.72°. 


CiuHe:Br (235.2). Calculated, Br 33.98; found, Br 33.42 


For the analogous bromide (12), [M];° —0.8° was reported. 

Diethyl L(+ )-4-Methyldodecane-2 ,2-dicarborylate—A solution of 33 gm. 
of diethyl methyl malonate in 100 ml. of absolute ethanol was metalated 
with 0.8 equivalent of sodium ethoxide, then alkylated with 34.3 gm. (0.77 
equivalent) of (+)-1-bromo-2-methyldecane. Alkylation was complete 
after 2 hours under reflux; the reaction was worked up in a usual fashion. 
Distillation yielded 1.3 gm. of forerun and 34.7 gm. (72.5 per cent) of the 
desired diester, b.p. 173.5-175° (6.5 mm.). For analysis a center cut 
was taken, n>” 1.4389, d** 0.9244, a2 +.0.033° (homogeneous), [a] +0.036°, 
[M}> +0.12°. 


CisH360, (328.5). Calculated, C 69.48, H 11.05; found, C 69.76, H 11.16 
(+)-2(DL), 4(L)-Dimethyldodecanoic Acid?: §—The disubstituted malonic 


4 Unless otherwise specified, distillations were carried out in a 60 cm. column con- 
taining a tantalum wire spiral and equipped with a heated jacket and a partial re- 
flux head. Ultraviolet spectra were determined with a Beckman model DU quartz 
spectrophotometer, and concentrations were adjusted to give optical densities in the 
range of 0.15 to 1.5. Matched quartz cells were used (directly checked in the region 
below 220 my), and the solvent was optically pure hexane except where 95 per cent 
ethanol is specified. Microanalyses are by the Microanalytical Division, Depart- 
ment of Chemistry and Chemical Engineering, University of California. 

5 There should be mentioned the possibility that carbon 2 in this sample of acid, 
with a molecular rotation of 6.7°, is not entirely pL, for there is the possibility of some 
asymmetric decarboxylation in the step creating the asymmetric carbon. It seems 
reasonable, however, to use the designation (2)pt, for the final step in this decarbox- 
ylation is believed to be conversion of the enol form of the acid to the keto form. In 
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ester (33.4 gm.) was saponified with 3 molar equivalents of 10 per cent 
alcoholic potassium hydroxide, and any neutral material was extracted 
from the diluted alkaline solution. The dicarboxylic acid was isolated 
and could be crystallized, with great difficulty, from nitromethane. After 
three crystallizations, the melting point was 44.6-45.8°; however, the mono- 
carboxylic acid obtained from this recrystallized sample had the same prop- 
erties as that obtained from the mother liquors; therefore, the total dicar- 
boxylic acid was decarboxylated by heating at 180°. Fractionation yielded 
1.10 gm. of forerun and 17.3 gm. of the desired product, b.p. 172.5-173.5° 
(7.5 mm.). For analysis, a center cut was used, n2 1.4421, d*° 0.878, 
a2 +2.57° (homogeneous), [a]? +2.92°, [M}* +6.68°. 


CisH2gO2 (228.4). Calculated, equivalent weight 228.4; found, 228 


For the analogous acid, Jocelyn and Polgar (12) reported [M], —7.6°. 

Methyl 1(+)-2,4-Dimethyl-2-dodecenoate—According to procedures 
which have been described (7) in detail, (+ )-2 ,4-dimethyldodecanoic acid 
(10.0 gm.) was converted to the a-bromo ester, which was dehydrohalo- 
genated by heating with quinoline at 160—170° for 23 hours. The reaction 
mixture was worked up as previously described (7), and the product dis- 
tilled in a Claisen flask to give 6.76 gm., b.p. 164-168° (18 mm.), of crude 
unsaturated ester. This ester was fractionated through a 1.5 meter column 
(16) to give the fractions described in Table I. Fraction 6 is regarded as 
the best sample of ester, but the data indicate that Fraction 5 is essentially 
homogeneous. 

L(+)-2,4-Dimethyl-2-dodecenoic Acid (III)—As a check on whether sa- 
ponification caused any equilibration of the double bond, a sample of ester 
from a combination of Fractions 4, 5, and 7 (Table I) was saponified and 
divided into two lots. One was worked up directly and distilled, while 
the other sample of acid was first partially esterified to remove any 3- 
alkenoic acid. The two samples had identical equivalent weights, indices 
of refraction, and optical rotations. The best sample, obtained from Frac- 
tion 6 (Table I) and distilled rapidly from a Claisen flask at 0.2 mm. pres- 
sure to insure no heat equilibration, had n= 1.4636, d?° 0.901, Amax. 217 my, 
¢ 15,700 (hexane), 12,200 (95 per cent ethanol), a” +35.89° (homogeneous), 
[a] +39.65°, [M}> +89.76°. 


CisH2602 (226.3). Calculated, equivalent weight 226.3; found, 225 
Pyrolysis of u(+-)-2 ,4-Dimethyl-2-dodecenoic Acid—A 412 mg. sample of 


view of the small volume of the proton, this step would be expected to be subject to 
relatively little asymmetric induction. For a discussion of the mechanism of de- 
carboxylation of malonic acids, refer to King (14) and Westheimer and Jones (15). 

6 This procedure is described in connection with the preparation of 2-methylene- 
dodecanoic acid (11). 
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acid obtained from Fractions 4, 5, and 7 (Table I) was heated in a sealed 
tube under nitrogen at 225-226° for 30 hours. Distillation of recovered 
acid from a Claisen flask at about 147° (0.1 mm.) yielded 381 mg. Con- 
stants of the acid, before heating, were a? +32.48°, ex7 13,100 (maximum), 
n> 1.4626, equivalent weight 225; after heating, a? +30.53, e7 12,200 
(maximum), n2’ 1.4629, equivalent weight 226. Thus, there was no sig- 
nificant amount of lactone formation and about 6 per cent racemization. 
Hydrogenation of 1(+)-2,4-Dimethyl-2-dodecenoic Acid—A 318.7 mg. 
sample of the best acid (from Fraction 6, Table I) was hydrogenated at 25° 
and atmospheric pressure in 10 ml. of glacial acetic acid with 48.4 mg. of 
commercial platinum oxide catalyst. The hydrogen uptake (corrected for 























TABLE I 
Fractionation of Methyl L(+)-2,4-Dimethyl-2-dodecenoate 
Fraction No.| Weight B.p. (10.5 mm.) ns [I> €(\max. )* 
gm. .  upese cir 
1 0.29 134.0-145.5 1.5120 t 
2 0.94 145.5-148.5 1.4530 26.7 
3 0.89 148 .5-150.0 1.4505 46.6 12,000 (213)f 
4 0.95 150.0-150.5 1.4509 
5 2.07 150.5 1.4518 64.8§ 13,150 (215) 
6 0.93 150.5 1.4520 69.1 13,500 (215) 
7 0.09 150.5-151.0 1.4530 





* Absorptions were determined in optically pure hexane. 

+ The spectrum of this small fraction indicates an aromatic structure, arising from 
impurities in the quinoline used for dehydrohalogenation (see Table II). 

¢ The maximum at shorter wave-lengths is due to the presence of traces of the 
2-methylene isomer (see Table II). 

§ This fraction on analysis yielded for C,;H2sO2 (240.4), calculated, C 74.95, H 
11.74; found, C 75.43, H 11.91. 


consumption by catalyst) was 35.5 ml.; theory for 1 double bond, 34.6 ml. 
The properties of the resultant (+ )-2,4-dimethyldodecanoic acid, recov- 
ered by distillation from a Claisen flask at 136-137° (1 mm.), were n? 


1.4424, d®> 0.878, a2 +1.044° (homogeneous), [M ]}?? +2.71° (compare with 
the original sample’ from decarboxylation). 


pL-2 ,4-Dimethyl-2-decenoic Acid 


The starting material for synthesis of this acid was 3-methylnonanoic 
acid (17), and the sequence of reactions was the same as that described 
above for the optically active acid. 

1-Bromo-2-methyloctane was obtained in yields of 72 to 80 per cent, b.p. 
121.0-121.5° (44 mm.), n> 1.4526. 


CsHiBr (207.2). Calculated, Br 38.58; found, 38.70 
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Diethyl 4-methyldecane-2 ,2-dicarboxylate was obtained in 73 per cent 
yield, b.p. 162.5-163.5° (7.5 mm.), n? 1.4358. 


Cy7H3404 (300.4). Calculated, C 67.96, H 10.74; found, C 67.29, H 10.43 


2,4-Dimethyldecanoic Acid was obtained in 90 per cent yield, b.p. 165.5° 
(13 mm.) n?? 1.4382. 


Cy2H2,O2 (200.3). Calculated, equivalent weight 200.3; found, 198.8 


Methyl 2 ,4-Dimethyl-2-decenoate (IV)—From 53.5 gm. of the saturated 
acid 45.1 gm. of crude unsaturated ester were obtained, which were dis- 
tilled through the 1.5 meter column (16) at 30 mm. pressure. After a fore- 
run, b.p. 123-149.5°, 20.2 gm., had been collected in eleven fractions, the 








TaBLeE II 
Fractionation of Forerun from Methyl 2,4-Dimethyl-2-decenoate 
Fraction No. B.p. (30 mm.) Weight nD max. é 
» gm. my 
1 118.0-128.0 0.21 1.5648 202¢ 56,500 
275 | 3,900 
2 130.0-135.0 0.76 1.5451 
3 135.0-136.0 0.22 1.5258 223 55,000 
| | 275 3, 200 
4 136 .0-138.0 0.49 | 1.4947 
5 138 .0-145.0 0.68 | 1.4648 | 228 | 28,200 
| 270 | 1,000 
6 140.0-142.0 0.53 | 1.4473 | 
7 142.0-142.5 0.51 | 1.4438 | | 
8 142.5-143.0 0.76 | 1.4434 | 208 | 9,500 
9 143.0-144.5 0.81 | 1.4439 | 
10 144.5-145.5 1.47 | 1.4450 | 211 | 10,000 
ll 145.5-147.0 1.20 | 1.4460 = | | 
12 147 .0-147.8 2.22 1.4474 | 213 11,500 
13 147.8-148.3 1.27 1.4484 | 
14 148.3-148.6 2.85 1.4495 214.5 13,000 
15 148.6-148.7 1.26 1.4494 
16 148.7-149.0 2.14t 1.4499 215 13,600 
17 149.0 1.70¢ 1.4501 





* For Fractions 1 to 5, molar extinction coefficients were calculated with an 
assumed molecular weight of 200; since the remaining fractions are isomeric 
2-alkenoic esters, there is no uncertainty about the molecular weight. For Frac- 
tions 8 to 16, there was a single sharp maximum, and the curve on each side of the 
maximum was approximately symmetrical; there was no appreciable absorption 
beyond 250 mu. 

+ This value, near the extreme limit of the instrument, may not be a maximum. 

t Fractions 16 and 17 raise the total yield of methyl 2,4-dimethyl-2-decenoate to 
27.94 gm. (49 per cent). 
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desired product was collected in four fractions, b.p. 149.5-150°, 24.1 gm. 
(42.5 per cent, over-all, based on saturated acid). For the four fractions 
of the product, the first fraction of 7.20 gm. was collected at 149.5-150.0°; 
the remaining three at 150.0°; the values of n2° were, respectively, 1.4499, 
1.4499, 1.4501, 1.4502. The combined fractions, ¢25 13,500 (maximum), 
were used for analysis. 


CisH2Oz (212.3). Calculated, C 73.54, H 11.39; found, C 73.59, H 11.49 


For assay of the composition of the forerun, especially for the presence 
of a geometrically isomeric ester, all of the fractions were systematically 
redistilled through the 1.5 meter column. Conclusions which may be 
drawn from the data assembled in Table II are as follows: (a) There is no 
evidence indicating the presence of a geometrically isomeric 2-methy]-2- 
alkenoic ester; if both isomers are present, their boiling points are essen- 
tially identical. (b) Fraction 8, boiling only 6° below the desired product, 
is a relatively homogeneous sample of the 2-methylenealkanoic ester. For 
2-methylenedodecanoic acid, there was reported (11) 20s 8200 (maximum). 
Data on Fractions 2 and 3, Table I, indicate a much lower optical rotation 
for this isomer than for the 2-methyl-2-alkenoic isomer. (c) The aro- 
matic nature of the lowest boiling fractions is indicated by the ultraviolet 
spectra and by the high dispersion observed in the refractometer. Its 
probable origin is from the quinoline used for dehydrohalogenation. Since 
this material has such a very high extinction coefficient in the region be- 
low 230 mz, failure to remove it from the unsaturated ester would give 
highly deceptive values for ultraviolet absorption (refer to the discussion 
of the recent report by Jocelyn and Polgar (12)). 

2,4-Dimethyl-2-decenoic acid, obtained by saponification of the pure ester, 
had a boiling point of 155° (5.5 mm. ), n> 1.4621, en7 15,000 (maximum). 


Cy2H2202 (198.3). Calculated. C 72.68, H 11.19, equivalent weight 198.3 
Found. “* 72.79, “© 11.28, ™ 200 


SUMMARY 


L(+)-2,4-Dimethyl-2-dodecenoic acid has been found to have a molecu- 
lar rotation of 90° and to be racemized very slowly on heating to 225°. 
Its ester is not racemized by saponification. These properties are consis- 
tent with those of the naturally occurring C2;-phthienoic acid and support 
for this acid the structure of a 2 ,4-dimethyl-2-alkenoic acid. 

Careful investigation of synthetic methyl pL-2 ,4-dimethyl-2-decenoate 
has failed to reveal the presence of a second geometrical isomer. Traces of 
the isomeric 2-methylene ester were found, as were aromatic impurities 
with very strong absorption of light in the region below 230 mu. 
The criteria for purity of 2-alkenoic acids and esters are discussed. 
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THE ENZYMATIC DEGRADATION OF HISTIDINE* 


By BLANCHE ANN BOREKt anp HEINRICH WAELSCH 


(From the New York State Psychiatric Institute and the Department of Biochemistry, 
College of Physicians and Surgeons, Columbia University, New York, 
New York) 


(Received for publication, June 19, 1953) 


The enzymatic breakdown of t-histidine by cell-free extracts of tissues 
or bacteria leads to ammonia and an intermediate product which by chem- 
ical (2) or enzymatic means (3, 4) can be further degraded to glutamic 
acid, formic acid, and ammonia. Edlbacher on the basis of available 
evidence (2, 5, 6, 7) suggested that this intermediate was 6-N-formyl- 
glutamine, and assumed that the a-amino group of the glutamic acid was 
identical with that of the histidine. However, the recent observation that 
the N'5-labeled a-amino group of histidine appeared as free ammonia when 
histidase acts on the amino acid (3, 4), taken in conjunction with the 
proof by isolation (8, 9) and by spectrophotometric analysis (3, 4) that 
urocanic acid is formed as an intermediate in enzymatic histidine break- 
down, argues strongly against the formation of 6-N-formylglutamine as an 
intermediate. 

Walker and Schmidt (10) have shown by electrometric titration that a 
new ionizing group of pK 4.2 is developed during the course of the histidase 
reaction. Although no intermediate was isolated, they concluded that this 
evidence, and that presented by Edlbacher, pointed to the formation of 
a-formamidinoglutaric acid. 

Sera and Yada (8, 11) and Oyamada (12) postulated a-N-formyliso- 
glutamine as the intermediate formed by the action of urocanase on uro- 
canic acid. This suggestion rested on the claim of the isolation of pL- 
isoglutamine after incubation of cat liver homogenates with histidine or 
urocanic acid and of optically inactive N-formylisoglutamine after the 
incubation of urocanic acid with liver extracts of guinea pigs. 


* This work was supported in part by grants from the Rockefeller Foundation, 
and from the National Institute of Neurological Diseases and Blindness (Grant 3-226) 
of the National Institutes of Health, United States Public Health Service, and by a 
contract between the Office of Naval Research and the Psychiatric Institute. A 
short description of the findings has appeared elsewhere (1). 

+ Predoctoral Fellow of the Atomic Energy Commission, 1949-50, 1950-51; Pre- 
doctoral Fellow of the United States Public Health Service 1951-52. This report is 
from a dissertation submitted by Blanche A. Borek in partial fulfilment of the re- 
quirements for the degree of Doctor of Philosophy in the Faculty of Pure Science. 
Columbia University. 
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In this report the isolation of a crystalline compound corresponding in its 
properties to a-formamidinoglutaric acid from incubation mixtures of cat 
liver extracts with L-histidine or urocanic acid is described. For purposes 
of comparison a-N-formy]-t-isoglutamine, N-formy]-t-glutamic acid, and 
a-N-formyl]-t-glutamine were synthesized. The intermediate was tested 
as a source of histidine for Leuconostoc mesenteroides and as a source of 
glutamic acid for Lactobacillus arabinosus. The action of tissue slices and 
of extracts of Pseudomonas fluorescens on the intermediate was studied. 

The effect of ethylenediaminetetraacetic acid on a partially purified 
preparation of histidase and urocanase was investigated in some detail. 


EXPERIMENTAL 
Preparation of Compounds 
N-Formyl-i-glutamic acid was prepared according to the formylation pro- 
cedure described by du Vigneaud and Patterson (13), with a yield of 72 
per cent; m.p. 110-111°;! [a]?® —8.0° (2 per cent in 1 N HCl). The titration 
curve of the compound showed the presence of two carboxyl groups of 
pK’, 3.4 and pK’: 4.9 respectively. 


CeH,NO; (175.1). Calculated. C 41.1, H 5.2, N 8.0 
Found. “a4, * O28, 7a 


On hydrolysis in 6 N HCl in a sealed tube at 120° for 12 hours, this prod- 
uct gave glutamic acid hydrochloride in a yield of 90 per cent; m.p. 202°; 
[a]2® +31.2° (2 per cent in 1 Nn HCl). 

a-N-Formyl-L-glutamine was prepared from t-glutamine by the same 
procedure (13) and recrystallized from ethanol-petroleum ether. Yield 
62 per cent; m.p. 118-120° with decomposition; [a]?2 —2.5° (2 per cent in 
1 Nn HCl). Titration indicated the presence of one carboxyl group of pK’ 
3.5. 


CeHioN20, (174.2). Calculated. C 41.4, H 5.8, N 16.1 
Found. ** 41.2, * 5.9, “* 16.1 


On hydrolysis it gave a 94 per cent yield of L-glutamic acid hydrochloride; 
m.p. 201°; [a]?® +31° (2 per cent in 1 N HCl). 

N-Formyl-ui-glutamic Acid y-Benzyl Ester—.-Glutamic acid y-benzy] es- 
ter was prepared according to the procedure of Hanby et al. (14) by esterifi- 
cation of L-glutamic acid with benzy) alcohol in constant boiling HI. Yield 
76 per cent; m.p. 170°. This was formylated (13) and the product re- 
crystallized from acetone-petroleum ether. Yield 80 per cent; m.p. 132- 
134°. 


1 All melting points are corrected. 
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CisHisNO; (265.1). Calculated. C 58.8, H 5.7, N 5.3 
Found. “* 59.0, ‘‘ 6.0, ‘ 5.4 


N-Formyl-t-isoglutamine --Benzyl Ester—N-Formy]-u-glutamic acid +- 
benzyl ester (2.17 gm., 8.2 mm) was dissolved in 50 ml. of chloroform 
containing 1.95 ml. of tri-n-butylamine at 0°. Ethy] chlorocarbonate was 
added according to the method of Boissonnas (15), and the mixture was 
shaken for 10 minutes at 0°. Anhydrous ammonia was passed through the 
solution for 15 minutes at 0°. The chloroform was removed by distillation 
in vacuo on a water bath at a temperature not exceeding 40°. The crystal- 
line residue was washed with ice-cold water until free of chloride. It was 
dried in vacuo over P20; and dissolved in a minimum of hot acetone, and 
petroleum ether was added to cloudiness. After an hour in the cold, the 
white crystalline compound was filtered and recrystallized from acetone- 
petroleum ether. Yield 1.1 gm. (4.2 mm, 50 per cent); m.p. 139°. 


CisHisN20, (264.2). Calculated. C 59.1, H 6.1, N 10.6 
Found. ** 59.0, “‘ 6.2, ‘* 10.5 


N-Formyl-.-isoglutamine—N -Formy]-t-isoglutamine ‘y-benzyl ester (1 
gm., 3.8 mm) was dissolved in 50 ml. of 95 per cent ethanol and hydrogen- 
ated for 4 hours at room temperature and atmospheric pressure with 
palladium black as a catalyst. The filtrate was concentrated in vacuo to 
a thick syrup and dried in vacuo over P,O;. On the addition of 10 ml. of 
absolute ethanol the viscous residue went into solution and crystals im- 
mediately began to separate. They were filtered, washed with a minimal 
amount of absolute ethanol, and dried in vacuo over P205. Yield 370 mg. 
(2.1 mm, 55 per cent); m.p. 138°; [a]2® —11.8° (2 per cent in 1 nN HCl). 
An additional 60 mg. of a less pure product were obtained from the mother 
liquor by addition of petroleum ether. Titration of the compound indi- 
cated the presence of one carboxyl group of pK’ 4.3. 


CeHioN20, (174.1). Calculated. C 41.4, H 5.8, N 16.1, amide N 8.0 
Found. ** 41.3, * 5.9, “15.7, “ * 80 


N-Formy]-t-isoglutamine on hydrolysis with HCl gave t-glutamic acid 
hydrochloride in a yield of 91 per cent; m.p. 202°; [a]? +31° (2 per cent 
in 1 n HC)). 

The anilide of N-formy]-t-isoglutamine was prepared according to the 
procedure of Boissonnas (15). To a solution of N-formy]-t-isoglutamine 
(100 mg., 0.57 mm) in 1 ml. of dimethylformamide cooled to 0° were added 
0.14 ml. of tri-n-butylamine and 0.06 ml. of ethyl chlorocarbonate. The 
mixture was shaken for 15 minutes at 0°, 0.05 ml. of freshly distilled aniline 
were added, and the solution was allowed to stand at room temperature for 
3 hours. 2 ml. of water were added, and after acidification with dilute 
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hydrochloric acid to pH 5.0 the solution was extracted three times with 3 
ml. of ethyl acetate. The ethy! acetate solution was concentrated by an 
air stream at room temperature. The white crystals which precipitated 
were collected by centrifugation and dried in vacuo over POs. Yield 72 
mg. (0.29 mm, 50 per cent); m.p. 208-209°. 


Cy2HisN303 (249.2). Calculated. C 57.9, H 6.1, N 16.9 
Found. “* 58.1, “ 6.0, “* 16.6 


The urocanic acid used in this work was prepared according to the 
method of Edlbacher and von Bidder (16). M.p. 224-226° (218-224° (16)). 


Assays 


Determination of Histidine and Urocanic Acid—Histidine and urocanic 
acid were determined according to the modification by Edlbacher et al. (17) 
of the Pauly reaction. In this procedure the unstable red azo product is 
stabilized by extraction into butyl alcohol. However, we found that with- 
out butanol extraction reproducible results of the same accuracy could be 
obtained if the color was developed under rigorously controlled conditions 
of temperature and time. 

Method—To 1 ml. of a histidine solution, pH 7.0, containing from 3 to 
20 y of histidine in a 10 ml. Coleman cuvette (No. 6-302) were added 5 
ml. of ice-cold 0.53 per cent sodium carbonate solution, and the cuvette 
was placed in an ice bath. After addition of 0.5 ml. of the diazo reagent 
the cuvette was shaken vigorously and kept in the ice bath for exactly 3 
minutes. The cuvette was then placed in a water bath at 28° for exactly 
1 minute, wiped quickly, and read at 420 my in a Coleman junior spec- 
trophotometer against a water blank. The values obtained were corrected 
for a small reagent blank (1 ml. of water, 5 ml. of 0.53 per cent sodium 
carbonate, and 0.5 ml. of diazo reagent) read in the same manner. The 
standard curve obtained was linear over a range of 3.1 to 21.7 y of histi- 
dine. 

Urocanic acid was assayed by the same method, the standard curve 
being linear over a range of 3 to 15 y of urocanic acid. 

In order to determine the disappearance of histidine or urocanic acid on 
incubation with enzyme, the protein was precipitated from the solution 
with an equal volume of 6.5 per cent trichloroacetic acid. 1 ml. of the 
protein-free filtrate was then adjusted with dilute sodium hydroxide to pH 
7.0 and diluted to a final volume of 10 ml. The determination was carried 
out on a | ml. aliquot of this solution. Histidine and urocanic acid added 
to the enzyme preparation without incubation were quantitatively re- 
covered in the trichloroacetic acid filtrate. 

Ammonia Determination—Free ammonia was determined on a | ml. al- 
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iquot of the 1:10 diluted trichloroacetic acid filtrate by addition of 0.5 
ml. of a saturated sodium borate solution, pH 10, and distillation at room 
temperature for 1.5 hours according to the method of Sobel et al. (18). 
Under these conditions about 10 per cent of the intermediate also was 
split. 

Alkali-labile ammonia was determined by the addition of 0.5 ml. of 10 Nn 
sodium hydroxide in the procedure described above. 

Preparation of Enzyme Solution—Cat liver obtained immediately after 
death was ground in a Waring blendor with ice-cold M/15 potassium phos- 
phate buffer, pH 8.4, in a ratio of 1 gm. of liver to 10 ml. of buffer. The 
homogenate was centrifuged at 4° to remove the coarse particles. The 
supernatant fluid (approximately 15 mg. of protein per ml.) which con- 
tained histidase and urocanase was used without purification. 

Isolation of Product of Enzymic Degradation of u-Histidine or Urocanic 
Acid—In a typical experiment a solution of 5 gm. of L-histidine- HC]-H,O 
(Merck) in 100 ml. of water was adjusted to pH 8.4 and incubated at 38° 
for 24 hours with 1 liter of enzyme solution; 5 ml. of toluene were used as 
the preservative. The protein was precipitated by the addition of an 
equal volume (1100 ml.) of ice-cold 6.5 per cent trichloroacetic acid, and 1 
ml. aliquots of the protein-free filtrate were analyzed for residual imidazole 
and for free and labile ammonia. In this case 3.6 gm. (0.023 m, 97 per 
cent) of the histidine added was found to have been metabolized. 

The filtrate was adjusted to pH 6.0 with sodium hydroxide, and 156 ml. 
of 25 per cent mercuric acetate in 0.2 m acetic acid were added in 10 ml. 
portions with occasional addition of sodium hydroxide in order to maintain 
the pH at 6.0. An excess of mercuric acetate, as indicated by the forma- 
tion of yellow mercuric oxide, was added to insure complete precipitation. 
Under these conditions phosphate also precipitated. The precipitate was 
allowed to settle in the ice box and was collected in a refrigerated centrifuge. 
No intermediate as determined by alkali-labile ammonia remained in the 
supernatant fluid. Considerable amounts of free ammonia were found in 
the precipitate, even after three washings with distilled water. 

The mercury salt was suspended in 200 ml. of 0.01 N sulfuric acid and 
decomposed with hydrogen sulfide at 0-5°. The mercury sulfide was re- 
moved by centrifugation and the supernatant solution was freed from 
sulfate and phosphate with barium hydroxide; it contained 80 per cent of 
the alkali-labile ammonia originally present. The solution was adjusted 
to pH 7.0 with sodium hydroxide and freed from ammonia and any small 
amounts of unchanged histidine by passing it through a Permutit column 
of 2.5 X 70em. (The column was prepared by washing 100 gm. of Permu- 
tit with 5 per cent acetic acid and back-washing with distilled water until 
the wash water was neutral to litmus.) The column was washed with 200 
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ml. of distilled water and the washings were added to the percolate. The 
combined percolate and wash water was free of imidazole and ammonium 
ion. The amount of alkali-labile ammonia present in solution corresponded 
to 52 per cent of that originally present in the trichloroacetic acid filtrate. 
(In model experiments with a solution of the crystalline intermediate 70 
to 80 per cent was recovered in the percolate and wash water of Permutit 
columns.) 

The intermediate was reprecipitated as the mercury salt by the addition 
of the calculated amount of mercuric acetate (30.7 ml. of 25 per cent mer- 
curic acetate solution) without loss, and the complex was decomposed by 
hydrogen sulfide in 0.01 N sulfuric acid; the filtrate was freed from sulfate 
and lyophilized. The residue was dried in a vacuum desiccator over phos- 
phorus pentoxide in the refrigerator and treated with 2 liters of absolute 
ethanol at room temperature. A small insoluble residue was discarded. 
The alcoholic solution was concentrated in vacuo at 25° to about 100 ml., 
at which point the intermediate began to crystallize. Precipitation was 
completed by the addition of 20 ml. of anhydrous ethyl acetate. 1.8 gm. 
(45 per cent yield of alkali-labile ammonia) were obtained. 

Properties of Intermediate—The intermediate was isolated in ten inde- 
pendent experiments. It was obtained in the form of colorless hygro- 
scopic crystals, m.p. 80-87°, with decomposition. It was extremely soluble 
in water, soluble in methanol and ethanol, and insoluble in ether, acetone, 
chloroform, carbon tetrachloride, and dimethylformamide. The product 
was free from imidazole, tyrosine, sulfur, halogens, phosphorus, magnesium, 
calcium, and barium. 

Despite the lability and hygroscopic nature of the intermediate, two in- 
dependently isolated samples were subjected to elementary analysis. 


Sample 1. C 37.5, H 6.5, N 14.0 
«2. 39.6, ‘* 6.7, “ 14.1, alkali-labile ammonia 7.0 


These and several other preparations contained approximately 10 per cent 
of glutamic acid as determined by adding glutamic acid dehydrogenase and 
measuring the initial rates of reduction of diphosphopyridine nucleotide. 
Correcting the analytical data for this contaminant did not alter the carbon 
and hydrogen values significantly, but raised the nitrogen value by 0.4 
per cent. 

These analytical values agree best with those calculated for CeHioN20.- 
-H2O (192), C 37.5, N 6.3, N 14.6, alkali-labile ammonia 7.3 per cent. 

The observed rotation, [a]2° —7.5° (2 per cent in 1 N HCl), corrected for 
the presence of 10 per cent L-glutamic acid, gives a value of [a]?® —10.7°. 
There was no change in optical rotation on standing at room temperature 
for 2 hours in 1 n HCl. 
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Titration Curve (Fig. 1)—The titration curve of four independent samples 
of the intermediate obtained from t-histidine and one sample of the inter- 
mediate obtained from urocanic acid showed the presence of two carboxyl 
groups of pK’; 2.4 and pK’: 4.7 and a strongly basic group of pK’; 11.1. 
When the intermediate after standing at pH 11.2 for 1 hour at room 
temperature was back-titrated with acid, the titration curve obtained did 
not coincide with the original. The pK of the basic group was lowered by 
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Fig. 1. Titration curve of intermediate. @, intermediate; O, back-titration 
after standing at pH 11.2 for 1 hour at room temperature. 


about 1.2 units, indicating a decomposition of the intermediate at the high 
pH. The pH of a water solution of the compound was 3.7 and the neutral 
equivalent 174 + 17. Titration in 80 per cent ethanol confirmed the 
presence of the carboxyl groups. 

Mercury Salt of Intermediate—In a representative experiment 75 mg. of 
the intermediate were dissolved in 10 ml. of distilled water and the solution 
was adjusted to pH 6.0. 1.3 ml. of a 25 per cent solution of mercuric 
acetate in 0.2 m acetic acid were added dropwise with stirring, and sodium 
hydroxide was added as needed to maintain the pH at 6.0. The inter- 
mediate was present in excess in order to avoid contamination of the 
product with mercuric oxide. The mercury salt was centrifuged, washed 
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with water, alcohol, and ether, and dried in vacuo over POs. Yield 160 
mg. (70 per cent); m.p. 190°, with decomposition. 


CeHioN2OcHge (606). Calculated. C 11.9, H 1.7, N 4.6, Hg 66.0 
Found. “© 11.6, “* 1.5, ‘‘ 4.7, ‘* 67.0 (65.6) 


Attempts to prepare derivatives of the basic group (picrate, hydro- 
chloride, dinitropheny], p-toluenesulfony], acetyl) were unsuccessful. The 
procedure, which yielded the anilide of N-formyl-L-isoglutamine, likewise 
failed when applied to the intermediate. 

Degradation of Intermediate—Degradation products of the intermediate 
and the procedures employed are recorded in Table I. 


TaBLe | 
Degradation Products of Intermediate 


| Inter- 





: > ldemetalCtenentel enue | Resse 
Method of hydrolysis | matiate - ant el oy CaHoNsO.- HO 
pa cS 7 
uM uM uM uM per cent 
3. NaOH, 1.5 ml.,100;90min......) 5.0) 4.9 98 
6 n HCl, 1 ml., 120° 18hrs*........| 5.0| 4.5 | 90 
lit NERS 310 | | 320t 103 


ee | 520 410t 79 





* Sealed tube. 

t Formic acid removed by continuous steam distillation and determined according 
to Reisser (19); 60 mg. (0.31 mm) of intermediate gave 150 mg. (0.32 mm) of Hg2Cl». 

t Obtained by isolation as the hydrochloride; m.p. 204°, [«]> +31° (2 per cent in 
1 n HCl). 


Utilization of Intermediate and Other Glutamic Acid Derivatives by Micro- 
organisms—The availability of the isolated intermediate as a histidine pre- 
cursor was tested by the method of Dunn et al. (20) on L. mesenteroides 
P-60, an organism for which t-histidine is an essential nutrient. The inter- 
mediate did not stimulate the growth of this organism when tested alone 
or in the presence of t-histidine, nor did it interfere with the growth- 
promoting action of L-histidine. 

In order to exclude the possibility that some chemical change in the 
intermediate brought about during the isolation procedure might have 
been responsible for the above result, a solution of the intermediate ob- 
tained by ultrafiltration in the cold immediately after incubation of L-histi- 
dine with enzyme was tested for growth with L. mesenteroides P-60. The 
results were the same as with the isolated intermediate. 

The isolated intermediate was tested as a possible source of glutamic acid 
for L. arabinosus by the assay method of Hac et al. (21, 22). Growth was 
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measured turbidimetrically. In two experiments, the intermediate did not 
contain any L-glutamic acid and did not support growth of L. arabinosus 
on a glutamic acid-free medium. However, when it was autoclaved in 
solution at pH 6.3 for 15 minutes at 20 pounds pressure, it was converted 
to L-glutamic acid to an extent of 28 to 34 per cent. In one other experi- 
ment the preparations of intermediate used contained 38 per cent of L- 
glutamic acid, as indicated by the growth of L. arabinosus in a solution 
sterilized by filtration. When the solution of this sample of intermediate 
was autoclaved, additional L-glutamic acid could be determined, amounting 
to a conversion of 26 per cent of the intermediate. 

N-Formy]-i-glutamic acid, a-N-formyl]-L-glutamine, and a-N-formyl-.- 
isoglutamine were also tested as possible sources of glutamic acid for L. 
arabinosus on a glutamic acid-free medium by the same microbiological 
procedure. These formyl compounds gave no glutamic acid on autoclav- 
ing. There was no growth of the organism, even on a prolonged incubation 
of 72 hours. In the presence of a small amount of L-glutamic acid twice 
the amount of N-formy] derivatives failed to stimulate additional growth 
over that obtained with glutamic acid alone, nor did they interfere with 
the utilization of glutamic acid. 

Action of Tissue Slices and Homogenates and Extracts of P. fluorescens on 
Intermediate—Tissue slices of rat liver and kidney were incubated with 
the intermediate in a Warburg apparatus in the conventional manner. No 
oxygen uptake or any gas evolution was observed, and the amount of 
intermediate measured by the liberation of ammonia on hydrolysis with 
3.N NaOH was unchanged after 19 hours at pH 7 and 8.4. 

Extracts of P. fluorescens prepared according to Tabor and Hayaishi (3) 
were incubated with histidine and intermediate respectively. The extent 
of breakdown of the two compounds was estimated by the amount of 
ammonia liberated at pH 10 (Table II). Experiments I and II show 
that the intermediate was degraded more rapidly than was L-histidine. It 
should be noted that the maximal breakdown of the intermediate achieved 
by the bacterial extract amounted to 77 to 85 per cent of the available 
alkali-labile ammonia. The linkage of the remaining portion of alkali-la- 
bile ammonia not liberated by the bacterial extract is not known. Whether 
the rate-limiting step in these experiments is the conversion of histidine to 
urocanic acid or that of the latter to the intermediate is the subject of 
further study. 

Effect of Metals and Ethylenediaminetetraacetic Acid on Histidase and 
Urocanase—The enzymes present in the phosphate extract of cat liver 
homogenate prepared as described above were partially purified by two 
successive ammonium sulfate fractionations. Because of the low degree 
of purification obtained, the procedure is summarized only briefly. The 
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extract was brought to 33 per cent ammonium sulfate saturation, and 
after centrifugation an equal volume of saturated ammonium sulfate was 
added to the supernatant fluid. The protein precipitate was collected, 
dissolved in phosphate buffer (m/15, pH 8.4), and freed from salt by di- 
alysis against the same buffer. The solution was refractionated with am- 
monium sulfate and practically all the activity was found in the fraction 
precipitated from 20 to 40 per cent ammonium sulfate saturation. This 
fraction freed from salt contained 12 per cent of the original protein con- 
centration, 75 per cent of the histidase, and 83 per cent of the urocanase 


TaBLeE II 
Degradation of u-Histidine and Intermediate by Cell-Free Extracts of P. fluorescens 






































L-Histidine Intermediate 
Experiment | Jncubation 
No. A A i os Ammonia | A i ot 
; found calculated Splitting found calculated Splitting 
min pM uM per cent uM uM per cent 
I 30 2.8 4.5 62 1.8 2.2 82 
60 3.3 4.5 73 1.8 2.2 82 
II 60* 3.9 7.6 52 3.2 3.8 85 
III 60 6.3 8.4 75 3.1 4.0 77 
IV 60 4.0 4.2 95 1.6 2.0 80 





2 ml. of water (Experiments II to IV) or of 0.0025 m phosphate, pH 7 (Experiment 
I), contained 0.3 ml. of cell-free extract of P. fluorescens (3) and the amounts of sub- 
strate shown in the table. Intermediate expressed as micromoles of NH; liberated 
by treatment with 3 n NaOH. 

* Enzyme kept for 48 hours at 4°. Enzyme solution in other experiments used on 
day of preparation. 


activity. The enzyme solution was used for a study of the effects of metals 
and ethylenediaminetetraacetic acid (Versene) on histidase and urocanase. 

In a typical experiment 0.5 ml. of the enzyme solution, containing 11 mg. 
of protein, was incubated with 1 mg. (6.45 uM) of L-histidine and various 
amounts of Versene. Phosphate buffer, pH 8.4, was added to produce a 
final concentration of M/15 with respect to the buffer in a total volume of 
2.5 ml. After a 4 hour incubation at 38°, 2.5 ml. of 6.5 per cent trichloro- 
acetic acid were added and aliquots of the protein-free filtrate were assayed 
for imidazole and ammonia liberated by sodium carbonate. Ammonia 
formation paralleled imidazole disappearance within the limits of error of 
the determinations in the presence or absence of Versene. The increasing 
inhibition of the cleavage of the imidazole ring of L-histidine with increasing 
amounts of Versene is shown in Fig. 2. Complete inhibition was obtained 
with 0.3 um of Versene in the presence of 6.45 uo of histidine. The inhibi- 








ml. ¢ 
amol 
in 4 | 


ind 


ion 


ens 


ent 
ub- 
ited 


1 on 


tals 


mg. 
ous 
ea 
> of 
rO- 
yed 
ynia 
r of 
sing 
sing 
ned 
ibi- 





B. A. BOREK AND H. WAELSCH 469 


tion of histidase by Versene has been observed independently by Mehler 
and Tabor (23). 

The effect of Versene on the cleavage of the imidazole ring of urocanic 
acid by the same enzyme preparation was determined in the same way. 
30 uo of Versene had no effect: on the cleavage of 6.45 um of urocanic acid. 
Whereas this might indicate that histidase is a metal-dependent enzyme, 
the experiments described below suggest that the inhibition is not caused 
by removal of metal by Versene. When the enzyme was treated with the 
amount of Versene necessary for complete inhibition and the mixture was 
dialyzed against m/15 phosphate buffer, pH 8.4, at 4°, a gradual restoration 
of enzymic activity occurred; 40 per cent of the original activity was re- 
stored after 21 hours dialysis and 63 per cent after 48 hours dialysis. 


F2.5 





HISTIDINE 





n 1 
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Fia. 2. Inhibition of histidase activity by ethylenediaminetetraacetic acid. 2.5 
ml. of m/15 phosphate buffer (pH 8.4) contained 6.45 uo of histidine, the indicated 
amount of Versene, and 11 mg. of protein. Ordinate, micromoles of histidine split 
in 4 hours at 37°. 


Enzyme without Versene retained its full activity when dialyzed under the 
same conditions for 48 hours. 

The enzyme-Versene preparation dialyzed 48 hours could not be further 
activated by Mgt, Fe+++, Ca++, Zn*++, or Mn++. Cu** in a concentration 
of 4 X 10~ o inhibited this preparation 40 per cent. The enzyme was not 
affected by pyrophosphate or metaphosphate. 0.05 m cyanide inhibited 
to an extent of 90 per cent. Ethylenediamine inhibited histidase to an 
extent of 11 per cent when the molar ratio of inhibitor to L-histidine was 
2:1, but had no effect on urocanase. This result is in agreement with the 
work of previous investigators on the activation and inhibition of histidase 
(10, 24, 25). 


RESULTS AND DISCUSSION 


The intermediate of the enzymic degradation of histidine obtained by 
incubation of either t-histidine or urocanic acid with cat liver homogenate 
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had the elementary composition C;H;O.N on the basis of the analysis of 
the intermediate itself and of its mercury salt. Its titration curve indi- 
cated the presence of two carboxyl groups of pK’, 2.4 and pK’, 4.7 and a 
basic group of pK’; 11.1, of a basicity intermediate between that of an 
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amino group and a guanidino group. CsHio0.N2 is therefore the simplest 
empirical formula. As in the case of a guanidine group, the basic group of 
the intermediate could not be acylated under the usual conditions in a 
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mildly alkaline medium; the use of strong alkali was precluded by its 
instability. The compound was considerably more stable in acid solution. 
On hydrolysis it yielded 1 mole each of ammonia, formic acid, and L-glu- 
tamic acid. These properties point to a-formamidinoglutaric acid. The 
accompanying reactions can be conceived to explain its formation. 

The results of isotopic experiments on the enzymic breakdown of histi- 
dine can be incorporated in this scheme without inconsistency, although 
they do not contribute to a decision between N-formyl]-L-isoglutamine and 
a-formamidinoglutaric acid as the structure. Tabor et al. (4) incubated a 
cell-free extract of P. fluorescens with t-histidine labeled in various posi- 
tions and they found that the a-amino group was split off as free ammonia, 
with the intermediary formation of urocanic acid. The y-nitrogen of the 
imidazole ring became the a-amino group of L-glutamic acid, and carbon 
atom 2 of histidine appeared as formic acid. According to Tesar and 
Rittenberg (26) L-histidine labeled in the y-nitrogen, when fed to rats, gave 
rise to a compound of high isotope content in the urine, unaccompanied by 
correspondingly high amounts of imidazole. The compound yielded N'- 
ammonia on treatment with ninhydrin in acid solution. Abrams and Bor- 
sook (27) in their studies on the fate of carboxyl-labeled histidine in rabbit 
liver in vivo and in guinea pig liver in vitro contributed indirect evidence 
that the carboxyl group of L-histidine became the y-carboxyl of glutamic 
acid. 

According to the sequence proposed above, the carbon atom 2 of histi- 
dine would become the amidine carbon of a-formamidinoglutaric acid and 
would appear in the formic acid obtained on hydrolysis. The y-nitrogen 
of histidine would become the a-nitrogen of a-formamidinoglutaric acid, 
which would remain as the amino group of L-glutamic acid on hydrolysis. 
The carboxy] group of histidine would become the y-carboxyl of the inter- 
mediate and ultimately of glutamic acid. The 6-nitrogen of histidine 
would form the terminal nitrogen of the amidino group of a-formamidino- 
glutaric acid and would be split off as ammonia on alkaline hydrolysis. 

Although Oyamada (12) claimed to have isolated a-N-formylisoglutamine 
from the action of guinea pig liver enzyme on urocanic acid, this compound 
appears not to have been synthesized. We have therefore done so and 
have compared the properties of the synthetic product with those of the 
intermediate. The two substances differed in solubility. On titration the 
intermediate was found to possess two acidic groups, corresponding in pK 
to an a- and a y-carboxyl, and a strongly basic group. a-N-Formy]-.- 
isoglutamine had one dissociating group, a y-carboxyl of pK’ 4.3. The 
formyl compound was slightly more stable toward alkali, 29 per cent of its 
labile ammonia being evolved on hydrolysis in 3 N sodium hydroxide at 
room temperature in 10 minutes, whereas under the same conditions 50 
per cent of the intermediate was hydrolyzed. Moreover, a-N-formyl-.- 
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isoglutamine was completely stable, whereas the intermediate yielded 10 
per cent of its labile ammonia in (pH 10) borate buffer for 90 minutes at 
room temperature. The intermediate yielded no anilide under conditions 
in which one was readily formed from a-N-formyl-L-isoglutamine. Fin- 
ally, the ability of the intermediate to support growth of L. arabinosus 
was enhanced after autoclaving, whereas a-N-formy]-L-isoglutamine could 
not replace L-glutamic acid in the nutrient medium of this organism either 
before or after autoclaving. Our isolated intermediate is therefore not 
identical with a-N-formy]-L-isoglutamine. However, we cannot exclude 
the possibility that a-formamidinoglutaric acid is converted to a-N-formy]- 
L-isoglutamine under the conditions of the isolation procedure employed 
by the Japanese investigators, or that guinea pig liver differs from cat liver 
in its metabolism of histidine. . 

In the course of this study histidase and urocanase were partially puri- 
fied. The purified enzyme preparations were studied as to their depend- 
ence on metal activators. Although no dependence was found, it was 
observed that histidase but not urocanase was strongly inhibited by ethy]- 
enediaminetetraacetic acid. The results suggest that this prototype of a 
metal agent acted on histidase, not by virtue of this property, but as a 
competitive inhibitor of histidine utilization. It is of interest in this con- 
nection that ethylenediamine for many years has been known to be a weak 
inhibitor of histidase action. The fact that ethylenediaminetetraacetic 
acid inhibited histidase but not urocanase suggests that the attachment of 
the a-amino group of histidine is essential for the conversion of histidine 
to urocanic acid and is interfered with by the inhibitor. 

Although in this work unresolved mixtures of histidase and urocanase 
were used, the fact that histidine and urocanic acid gave the same inter- 
mediate supports the view that urocanic acid is on the direct pathway of 
histidine metabolism to glutamic acid. The formation of a-formamidino- 
glutaric acid is, therefore, the result of the action of urocanase. It cannot 
be decided at present whether urocanase is an individual enzyme or several, 
or which of the steps suggested in the scheme of histidine breakdown to 
a-formamidinoglutaric acid are of an enzymatic nature and which are non- 
enzymatic. 

When urocanic acid was substituted for L-histidine as substrate, under 
identical conditions of incubation and isolation, the intermediate was iso- 
lated in a similar yield. It can be seen that, although the precipitation of 
the intermediate is quantitative, losses are encountered in the decomposi- 
tion of the first mercury salt and during the adsorption procedure. The 
balance of recovery is of importance, since it may aid in deciding the 
question of whether one or more enzymatic degradation products are pres- 
ent in the solution. 
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When histidine was incubated with cat liver extract, an enzymatic degra- 
dation product corresponding to 52 per cent of the substrate could be 
precipitated as the mercury salt, and from this the formamidinoglutaric 
acid was isolated in a yield of 86 per cent. However, the Pauly reaction 
of histidine or urocanic acid was completely abolished on incubation and 
the resulting mixture contained 1 equivalent of alkali-labile ammonia. 
The question arises whether other degradation products were present which, 
although precipitable as the mercury salt, were adsorbed on Permutit or 
decomposed in the isolation procedure. This possibility gains in likelihood 
because of the recent isolation of a barium salt of a degradation product of 
histidine from the urine of folic acid-deficient rats and from the incubation 
mixture of histidine and guinea pig liver extract (28). This degradation 
product contained only one acidic group, but showed an alkali lability 
similar to that of the compound isolated by us.” 

A striking feature of the enzymatic breakdown of histidine or urocanic 
acid by extracts of cat liver is the fact that the degradation proceeds to 
one or several intermediates which are negative in the Pauly test and are 
characterized by the presence of 1 alkali-labile equivalent of ammonia, but 
which are not metabolized further. In line with this observation is the 
inertness of the intermediate isolated by us when exposed to the action of 
rat kidney or liver slices or homogenates. It could appear from these 
findings that this intermediate may represent an artifact to which the real 
still more labile intermediate of histidine metabolism has been converted 
under the conditions of our experiment. An argument against this assump- 
tion may be seen in the complete conversion of histidine or urocanic acid 
into compounds with the properties of our intermediate and in its further 
breakdown by extracts of P. fluorescens. This extract degraded the inter- 
mediate at a faster rate than histidine. It may well be that the mam- 
malian tissue preparations lacked the components necessary for further 
metabolism of the intermediate. These components may be either of cat- 
alytic nature or the acceptors for the one carbon unit of the amidine group. 
It seems that the isolation of an intermediate of the enzymatic breakdown 
of histidine may permit a closer study of the mechanism of the utilization 
of histidine as a source of one carbon units. 


SUMMARY 


An intermediate having the properties of a-formamidinoglutaric acid has 
been isolated from the action of liver homogenate on t-histidine and uro- 
canic acid. 

The synthesis of N-formy]-.-glutamic acid, a-N-formy]-.-glutamine, and 
a-N-formy]-L-isoglutamine is described. 


? Personal communication by Dr. H. Tabor. 
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The intermediate differs markedly from synthetic a-N-formy]-L-isoglu- 
tamine, which, therefore, cannot be the intermediate of histidine metab- 
olism under the conditions of our experiment. 

The intermediate, although not further degraded by mammalian tissue 
preparation, is broken down by extracts of Pseudomonas fluorescens at a 
faster rate than is histidine. 

Ethylenediaminetetraacetic acid is a potent competitive inhibitor of his- 
tidase but not of urocanase. 
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ISOLEUCINE AND VALINE METABOLISM IN ESCHERICHIA 
COLI 


V. a-KETOISOVALERIC ACID ACCUMULATION* 


By EDWARD A. ADELBERG ano H. EDWIN UMBARGER 


(From the Department of Bacteriology, University of California, Berkeley, California, 
and the Department of Bacteriology and Immunology, Harvard Medical 
School, Boston, Massachusetts) 


(Received for publication, April 28, 1953) 


Previous communications (1, 2) in this series described an isoleucineless 
mutant of Escherichia coli with a partial requirement for valine. This 
strain was unable to utilize the corresponding a-keto acids for either the 
isoleucine requirement or the partial valine requirement, but accumulated 
them in its growth medium. 

The accumulation of the a-keto acid analogue of valine by this mutant 
and its growth behavior in the presence and absence of valine have now 
been studied in considerably more detail. The results of these studies are 
reported in this paper. 


Materials and Methods 


Organisms—The K-12 strain of E. coli and mutants derived from it were 
used. The izsoleucineless mutant, strain 11A16, has been described previ- 
ously (1). Two variants of strain 11A16 were obtained by procedures 
described below. 

Growth Measurements—For the determination of growth rates, 125 ml. 
Erlenmeyer flasks, equipped with cuvette side arms, were employed. Each 
flask contained 10 ml. of the minimal medium of Davis and Mingioli (3) 
supplemented with amino acids as indicated. The flasks were inoculated 
with about 108 cells taken from a 24 hour culture and incubated with rotary 
shaking at 30°. At intervals the flasks were removed and the contents 
tipped into the cuvette side arm. The turbidity was determined in a 
Klett colorimeter with Filter 54. 

The growth response to various supplements was determined by a pro- 
cedure similar to that described above, except that the flasks were incu- 
bated with shaking for 24 hours at 37°. The turbidity readings of these 
cultures were determined in a Coleman spectrophotometer at 590 my with 
the standard square cuvettes having a 13 mm. light path. 


* This work was supported by a contract between the Office of Naval Research 
and the University of California and by funds received by Harvard University from 
the Eugene Higgins Trust and the United States Public Health Service. 
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Transaminase Activity—The organisms were examined for transamina- | 4U“ 
tion activities with the experimental system described earlier (4). The The 
extent of transamination was determined by measuring, by a filter pa- whe 
per chromatographic procedure, the amount of amino acid formed. The | ™ 
method of Awapara and Seale (5) was modified to include the ammonia § Pre 
removal step of Fowden (6). clea 

Keto Acid Determination—“Total keto acid” was determined on 0.5 ml, § '*é 
samples. These were centrifuged and the supernatant solution was acidi- cell: 
fied (pH 2 or lower) with sulfuric acid and extracted three times with } 15°! 


peroxide-free diethyl ether. The ether extracts were combined and evapo- |. 5 
rated over water. The keto acids were then determined by the direct | ™t 
method of Friedemann and Haugen (7). vali 


For the determination of a-ketoisovaleric acid production in growing 
cultures, the samples were boiled before being centrifuged. 0.20 ml. of the 
supernatant solution was applied to the bottom of a filter paper sheet and 
the keto acids were separated and located by the method of Magasanik 
and Umbarger (8). A pendant-shaped area was then marked around the N 
a-ketoisovaleric acid spot. The pendant was cut out and attached to a 
descending water wick. Each paper pendant was eluted until approxi- aa 
mately 0.5 ml. of water had been collected. The keto acid content of the | 1° 
eluate was determined directly. -_ 


Results 


Reexamination of E. coli mutant 11A16 showed, in agreement with } om! 
earlier observation, that this strain could grow in media supplemented 


either with isoleucine alone or with isoleucine and valine. In the absence 
of valine the growth rate was characteristically slower and the amount of | > 
a-ketoisovaleric acid accumulating in the medium was much greater. act 


Growth in the absence of valine might have been due to a variant which IL 
overproduced a-ketoisovalerate. This overproduction might overcome any of 
inhibition of a-ketoisovalerate amination by a-keto-8-methyl-n-valerate. ay’ 
In order to test this hypothesis and to allow a selection of such a variant, a 
culture of strain 11A16 was divided into two parts. One aliquot was | '© 
successively transferred four times, always in the log phase, in a medium va 
containing both isoleucine and valine. The other aliquot was similarly It 
transferred in a medium supplemented only with isoleucine. Each of the il 


final cultures was used to inoculate the two kinds of medium, the one con- = 
taining isoleucine alone, the other, isoleucine plus valine. If the selection 

hypothesis were correct, the culture transferred in the absence of valine - 
should have shown a greater keto acid production in both media. = 


The data in Table I show that the hypothesis was incorrect, since the Be 
culture transferred in the absence of valine (strain 11A16I) actually pro- = 
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duced less keto acid than the strain transferred in the presence of valine. 
The data further show that cultures of both strains produced less keto acid 
when grown in the presence of valine. Since a-ketoisovaleric acid was the 
major keto acid component, these results indicate that valine per se sup- 
pressed the formation of its own precursor. This relationship is more 
clearly seen in Fig. 1 which shows the effect of valine in decreasing the 
rate of a-ketoisovalerate formation by heavy cell suspensions (3 X 10° 
cells per ml.) of strain 11A16 shaken in minimal medium supplemented with 
isoleucine. 

Strain 11A16I differed from its parent in that it grew at a maximal rate 
in the absence of valine (Fig. 2), indicating that the partial requirement for 
valine had been lost. 


TaBLeE I 
Effect of Past History of Culture on Keto Acid Production 





“Total keto acid” produced® in 





Medium through which culture previously transferred 





Isoleucine |  Tsoleucine-valine 
medium | medium 
penne _ ee ee | —— = —— 
Isoleucine........... Re ee ee ee 100 | 45 
PN II 6 iv, cn ce ben sa tones 452 315 





*The values are Klett readings on 0.5 ml. samples after treatment with 
2,4-dinitrophenylhydrazine and alkali. The samples were taken at time intervals; 
only maximal values reported above. 


Examination for transaminase activity in strain 11A16 revealed that 
both the glutamic acid-valine and glutamic acid-isoleucine transaminase 
activities were missing. The same was true of strain 11A16I. Since strain 
11A16 presumably differed from strain K-12 in only a single gene, the lack 
of both activities would suggest that they are catalyzed by the same en- 
zyme system. 

This observation explained quite satisfactorily the absolute requirement 
for isoleucine, yet failed to account for the fact that the requirement for 
valine was a relative one in mutant 11A16 and absent in strain 11A16I. 
It seemed quite likely that mutant 11A16I and, to a lesser extent, mutant 
11A16 aminated a-ketoisovalerate by a mechanism not involving the valine- 
isoleucine-glutamate transaminase. 

The recent demonstration by Rudman and Meister (9) of a valine-a- 
aminobutyrate-alanine transaminase as well as a valine-isoleucine-gluta- 
mate transaminase in FE. coli has now very convincingly explained the 
genetic block in this type of mutant. Examination of mutant 11A16 has 
revealed that, as Rudman and Meister found in the mutant they studied, 
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the valine-a-aminobutyrate-alanine transaminase has been preserved. In 
strain 11A16, however, this transaminase does not provide enough valine 
for maximal growth of the mutant. As shown in Table II, increased 
growth with this mutant was obtained if the isoleucine medium was sup- 
plemented with valine or with a-aminobutyrate or alanine, which served as 
amino donors for valine synthesis. 
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Fig. 1. Effect of valine in depressing a-ketoisovalerate production. O, medium 
supplemented with 100 y of pt-isoleucine and 150 y of pi-valine per ml.; @, medium 
supplemented only with pt-isoleucine. 

Fie. 2. Growth rate of E. coli mutants 11A16 and 11A16I. @, strain 11A16, 
medium supplemented with pt-isoleucine; O, strain 11A16, medium supplemented 
with pi-isoleucine and pu-valine; @, strain 11A16I, medium supplemented with 
DL-isoleucine. Each amino acid, 50 y per ml. For other conditions see the text. 


That strain 11A16I grew maximally in a medium supplemented only 
with isoleucine suggested that this mutant had an increased capacity for 
aminating a-ketoisovalerate. This might have occurred through increased 
synthesis of the amino donors, a-aminobutyrate or alanine, or through 
increased enzyme activity. That the latter mechanism is the more likely 
is shown by the data in Table III. The fact that strain 11A16I has a 
greater valine-a-aminobutyrate-alanine transaminase activity than that 
found in either the wild strain or its own parent, strain 11A16, should 
explain its valine independence satisfactorily. 

It can also be seen from the data in Table III that strain 11A16 has less 
valine-alanine transaminase activity than its parent, strain K-12, indicat- 
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ing greater dependence on exogenous valine than would result from loss of 
the isoleucine-valine-glutamic transaminase. Evidently the maintenance 
of the mutant stock on a complete medium has resulted in this change 
through some obscure. selective advantage. When first. studied, strain 
11A16 demonstrated the partial valine requirement and considerable a- 





Tas II 
Growth Response of Mutant 11A16 
Supplement* Optical density at 590 mu 
SN Sd et deats SG aihia seh 4 oot ok diss ee SRO CIT : 0.000T 
Gee Fos OSA) KGL A, AG i 0.277 
. ARI iis nus «tied «Shs Sold cee TM | 1.023 


- + pDL-a-aminobutyrate...................... 0.959 
> eee eee | 0.758 





* Each amino acid, when added, 30 y per ml. 
t Values corrected for turbidity due to inoculum. 10 ml. flask cultures incu- 
bated for 24 hours at 30° with shaking. 














TaB.e III 
Transamination between a-Ketoisovalerate and L-Alanine 
Strain Supplement in growth medium Valine found per ml.* 

‘. > uM 
K-12 None 2.8 
L-Isoleucinet 2.9 
- + t-valine 2.1 
11A16 - 2.3 
og + u-valine 1.4 
11A16I - 8.6 
- + u-valine 6.6 








* Each tube contained 5 mg. of dried cells, 40 um of a-ketoisovalerate, 50 um of 
t-alanine, and 10 y of pyridoxal phosphate (crude) in 0.1 m phosphate buffer, pH 7.5. 
Nz atmosphere; incubated 14 hours at 37°. 

{ u-Isoleucine and L-valine, when added, 50 y per ml. 


ketoisovaleric acid accumulation only when growth was achieved prin- 
cipally through a fermentative process and hence was slower. At present 
the valine dependence is so pronounced that it is readily observed with 
highly aerobic cultures. 

At present, the basis of the second phenomenon accompanying the growth 
of strain 11A16 in the absence of valine, viz. the increased accumulation of 
a-ketoisovalerate, remains unexplained. Two experiments have been per- 
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formed which serve to eliminate two possible mechanisms by which valine 
limits the synthesis of its own precursor. 

To test the possibility that limitation of growth per se led to a-ketoiso- 
valerate accumulation, a double mutant was obtained by ultraviolet irradia- 
tion of strain 11A16 and subsequent selection by penicillin (10). A cystine- 
less mutant, designated strain 11A16A, was chosen for the experiment. 
However, it was observed that, even when growth was limited by the 
amount of cystine added to the medium, appreciable quantities of a-keto- 
isovalerate accumulated only when valine was absent. Thus it would 
seem that the effect of exogenous valine on the synthesis of its precursor 
and, hence, of itself is indeed a direct one. 

Myers and Adelberg (unpublished observations) have investigated the 
prior step in valine biosynthesis, that of the conversion of the a,6-dihy- 
droxy analogue (11) to the a-keto acid, and found this reaction resistant to 
any inhibition by valine. Therefore, if valine acts as a competitive in- 
hibitor at any point in its own biosynthesis, it must occur at some earlier 
stage than keto acid formation from a ,@-dihydroxyisovalerate. 


DISCUSSION 


The phenomenon of an end-product blocking its own synthesis is not 
new. It has been shown by Koch, Putnam, and Evans (12) that the 
addition of C'‘-labeled purine suppressed purine synthesis in EZ. coli. In 
1950, Gots (13) observed with sulfonamide-inhibited cultures of EZ. coli 
that the addition of purine to the medium suppressed the accumulation of 
the purine precursor (14), 5(4)-amino-4(5)-imidazolecarboxamide. The ef- 
fect of purine on the formation of its own precursor is analogous to the 
valine réle reported in this paper. More recently Abelson et al. (15) 
demonstrated that the incorporation of labeled carbon dioxide into an 
amino acid was specifically inhibited by the addition of that amino acid or 
its precursor to the medium. 

Whatever its basis may be, the controlling mechanism, by which an 
organism utilizes those metabolites available in the medium rather than 
synthesizing its own, must be a quite general one and is undoubtedly quite 
important to the economy of the cell. 

It can be concluded from these studies that in cultures of mutant 11A16, 
which has lost one of the two mechanisms for the transamination of a-keto- 
isovalerate, this keto acid accumulates in large amounts whenever the 
growth rate is limited by the absence of valine in the medium. Con- 
versely, a-ketoisovalerate accumulation is depressed whenever the supply of 
valine is sufficient to permit maximal growth rate. An ample supply of 
this metabolite can be made available by altering the environment, i.e. 
addition of valine to the medium, or by a genetic change of the organism, 
which results in an increased rate of synthesis of valine. 
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One other point demonstrated by these experiments and illustrated in 
Table III deserves mention. It was noted that cells of the three strains 
had less valine-alanine transamination activity when grown in the presence 
of valine. Apparently the valine-alanine transaminase is formed in lesser 
amounts when the product is available in the medium. The experiment of 
Cohn et al. (16) showing that the formation of the methionine synthase by 
E. coli is inhibited by growth in a medium containing methionine is anal- 
ogous to the observation reported here. Experiments in progress involv- 
ing two other transaminase systems indicate that the phenomenon is quite 
general. It is quite likely a secondary manifestation of the effect of an 
end-product blocking its own biosynthesis. 


We wish to acknowledge the assistance of Mr. Harold L. Wolin (for 
E. A. A.) and of Mrs. Martha Wallace and Miss Barbara Brown (for 
H. E. U.) in performing the experiments reported here. 


SUMMARY 


1. Two isoleucineless mutants of Escherichia coli have been studied 
in which the isoleucine-valine-glutamic acid transaminase has been lost. 
Strain 11A16 retained valine-a-aminobutyrate-alanine transaminase, which 
permitted it to grow in the absence of valine, although at a slow rate. 
Strain 11A16I, derived from the first by repeated subculture in the absence 
of valine, showed an increased valine-a-aminobutyrate-alanine transam- 
inase activity which permitted it to grow at maximal rate with or without 
valine. 

2. Mutant 11A16 accumulated a large amount of a-ketoisovalerate when 
grown in the absence of valine, but a considerably smaller amount when 
grown in its presence. Mutant 11A16I accumulated very little keto acid, 
even in the absence of valine, thus resembling strain 11A16 in the presence 
of valine. 

3. These results show that an organism can compensate for a complete 
loss in one synthetic pathway by a gain in an alternative route and also 
that an end-product, in this case valine, can regulate the rate of its own 
biosynthesis. The biological significance of the findings is discussed. 
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CHOLESTEROL ESTERASES 
V. A CHOLESTEROL ESTERASE OF RAT LIVER* 
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Either the liver or pancreas or both have been suggested by several 
workers as concerned in regulating the cholesterol ester level of the blood 
and other tissues (1, 2). Also the reported occurrence of a cholesterol 
esterase in serum (3) has led to the suggestion that this enzyme may be 
involved in the regulation of the cholesterol ester level of serum (1, 4). 
Recent observations (5) on serum cholesterol esterase in five species of 
animals indicated that only in dog serum was there significant enzyme 
activity, and that this occurred only in the presence of bile salts. The 


_ cholesterol esterase of pancreas has been shown to have the requisite spec- 


ificity and activity necessary for the hydrolysis and synthesis of the long 
chain fatty acid esters of cholesterol (6-8). Other studies (9) have shown 
that these reactions could occur either in the lumen or mucosa of the small 
intestine. Nieft and Deuel (10) have reported the presence in rat liver 
of an enzyme system which esterified cholesterol in the presence of phos- 
phate ion and a fatty acid source. Hydrolytic activity was also present 
and was accentuated by the presence of soya lecithin. 

However, the réles of the pancreas and liver in the regulation of the level 
of cholesterol esters in the blood have not been elucidated to date. It 
seemed of value, therefore, to investigate the occurrence and characteristics 
of cholesterol esterase activity in liver with the methods (6, 7) developed 
in this laboratory. 


EXPERIMENTAL 


Preparation of Liver Extracts—Non-fasted adult male rats from our stock 
colony were sacrificed by decapitation. The livers were removed, weighed, 
chilled on ice, and extracts prepared as described below. 

Glycerol-W ater Extracts—The livers were homogenized (11) in a glycerol- 
water mixture (1:1) at 0°. After dilution to give a 20 per cent liver con- 
centration, the homogenate was shaken for 1 hour at room temperature, 
and then centrifuged for 5 minutes at 2500 r.p.m. The supernatant fluid 
was used as the enzyme extract. Preliminary experiments indicated that 

* This work was performed under contract No. 74400 between George Washington 
University and the Office of Naval Research. 
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the enzyme activity was distinctly greater in extracts shaken for 1 hour 
before centrifugation than in those centrifuged immediately after homog- 
enization. 

Saline Extracts—These were prepared exactly as the glycerol-water ex- 
tracts above except that 0.9 per cent sodium chloride solution was used 
in place of the glycerol-water. 

Phosphate Buffer Extracts—0.154 m phosphate buffer, pH 6.6, was sub- 
stituted for the glycerol-water. 

Nieft and Deuel Extracts (10)—The livers were ground with sand in a 
mortar with an equal weight of 0.9 per cent sodium chloride solution. The 
mixture was centrifuged lightly and filtered through gauze. The filtrate 
was used as the enzyme extract. The liver concentration in the Nieft- 
Deuel extract was 50 per cent; in the three described above it was 20 per 
cent. 

Assay of Liver Extracts—The procedures were essentially the same as 
those employed previously for the assay of cholesterol esterase activity in 
rat intestinal mucosa (9). The substrate mixtures were routinely pre- 
pared by dissolving a weighed amount of the appropriate substrate in 1 
cc. of ethy] ether in a test-tube (25 X 200 mm.), previously tested for use 
with a stainless steel pestle of the Potter-Elvehjem homogenizing apparatus 
(11), and adding 1 cc. of 10 per cent sodium taurocholate, 9 cc. of 0.154 
M potassium phosphate buffer, 1 cc. of 1:1000 merthiolate, and 500 mg. 
of egg albumin. The mixtures were homogenized for 2 minutes and then 
shaken in a constant temperature bath at 37° for 1 hour to remove the 
ether. The tubes were then removed from the bath, and 2 cc. of enzyme 
extract were added to each. The tubes were returned to the shaker for 
the duration of the experiment. In experiments on the hydrolytic sys- 
tem an amount of the appropriate ester equivalent to 25 or 35 mg. of 
cholesterol was used as the substrate. With the esterifying system, either 
25 or 35 mg. of cholesterol and 3 equivalents of fatty acid were employed. 
When variations in the composition of the substrate mixture were intro- 
duced, these are described in the tables or text. Samples were removed 
from the enzyme digests for analysis at zero time and as indicated in Tables 
Ito VI. The free cholesterol content was determined (12) on al] samples 
and was used in calculating the degree of hydrolysis or esterification. 

One of the important aspects of studies on cholesterol esterases is the 
uniformity and stability of the emulsification of the substrates. We have 
found in numerous experiments that relatively slight changes in the degree 
of dispersion of these water-insoluble substrates can produce marked 
changes in the apparent activity of the enzyme, presumably because of 
differences in the surfaces available for contact between the enzyme and 
substrate. In many of the earlier studies on the enzyme (1, 2, 10) the 
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procedures employed have involved analysis of the entire enzyme digest 
or of samples which were, admittedly, not representative of the entire 
digest. Under these conditions there could be no analytical check on the 
uniformity of the emulsion during incubation. Our criterion (6, 7) for 
uniformity and stability of emulsification has been that the total cholesterol 
content of duplicate samples removed from the enzyme digest at the same 
time and at different times should agree within the limits of error of the 
analytical method. In the present study the emulsification was checked 
in the routine procedure described above and in all cases in which variations 
were introduced in the individual experiments described below. The emul- 
sification was considered adequate only if the total cholesterol content (12) 


TaBLeE I 
Relationship of Activity of Rat Liver Extracts to Fatty Acid Component 
Substrates, for hydrolysis, an amount of appropriate ester equivalent to 25 mg. of 
cholesterol; for esterification, 25 mg. of cholesterol and 3 equivalents of the indi- 
cated fatty acids. pH of digests, for hydrolysis, 6.6; for esterification, 5.2. En- 
zyme, 2 cc. of 20 per cent glycerol-water extract. Duration of incubation, 18 hours; 
temperature, 37°. 





Acid component 

















Butyric Caproic | Caprylic |  Capric | Lauric Palmitic. 
per cent per cent per cent per cent per cent per cent 
Hydrolysis............. 38.3 13.4 6.6 | 43 | 0.6 | 0.6 


Esterification........... 60 | 1.7 se |} if | 1.8 


1.5 





of duplicate samples removed at zero time and at the end of the incubation 
agreed within the limits of the accuracy of the method for cholesterol. 


Results 


Cholesterol Esterase Activity of Rai Liver Extracts—Initially, experiments 
were carried out with cholesterol and oleic acid and cholesterol oleate as 
substrates. The data suggested a very low level of activity in respect to 
the synthesis and hydrolysis of cholesterol oleate. Glycerol-water extracts 
were then tested for cholesterol esterase activity with a series of saturated 
fatty acids containing from 4 to 16 carbon atoms. During 4 and 6 hour 
incubation periods, there was no demonstrable synthetic activity with the 
saturated fatty acids; when the incubation period was extended to 18 hours, 
a small but definite synthesis of cholestero] esters could be demonstrated 
(Table I). In several experiments with different liver extracts, the great- 
est degree of synthesis with butyric acid was 6 per cent. The synthetic 
activity with the longer chain saturated fatty acids was quite low, even 
with the extended period of incubation. Although these values are within 
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the limits of error of our over-all procedure, they were consistently positive, 
and hence it seems likely that they represent an actual synthesis of the 
long chain esters. 

There was considerable hydrolysis of cholesterol butyrate and caproate, 
but no appreciable activity with the higher fatty acids in the 4 and 6 hour 
periods. In 18 hours, there was, in addition to the butyrate and caproate 
esters, a significant hydrolysis of the caprylate and caprate esters (Table 
I). In some experiments of 18 hours duration and in later experiments 
in which the incubation was extended to 24 hours, there was appreciable 
hydrolysis of the lauric and palmitic acid esters. These experiments led 
to the conclusion that the synthetic activity of the enzyme in rat liver was 
very low and a further characterization of the synthetic system was not 
attempted. Further experiments were carried out with cholesterol buty- 


TaBLeE II 
Time-Rate Relationship and Effect of Extract Concentration 


Substrate, 41.3 mg. of cholesterol butyrate. pH of digests, 6.6. Enzyme, 2 cc. 
of glycerol-water extract. Temperature of incubation, 37°. 











‘a . Duration of incubation 
Concentration 
of liver extract " ‘ie — : - ee 
1 hr. 2 hrs. 4 hrs. 6 hrs. 12 hrs. 24 hrs. 
per cent pon cent per cent per cent per cent pon cent per cent 
5 2.3 3.7 r 10.3 12.9 14.6 
10 4.3 7.8 14.6 18.6 27.1 31.4 
15 6.0 12.6 23.1 31.7 | 38.0 46.9 
20 8.3 16.6 31.1 39.4 52.9 63.1 


rate, palmitate, and oleate as the substrates in order to characterize the 
hydrolytic activity of the enzyme. 

Time-Rate Relationship and Effect of Substrate and Extract Concentration 
—TIn the experiments on the systems containing the saturated acids, 25 mg. 
of cholesterol or the equivalent weight of ester was used. In order to 
define better the conditions for quantitative assay of the enzyme, the fol- 
lowing experiments were carried out with cholesterol butyrate as the sub- 
strate. First, the effect of concentration of substrate was determined. 
It was found that for the usual range of activity of the extracts 41.3 mg. 
of cholesterol butyrate (equivalent to 35 mg. of cholesterol) were sufficient 
to maintain saturation of the enzyme during 24 hours of incubation. There 
was some variation from extract to extract, but usually under these condi- 
tions 2 ce. of the 20 per cent glycerol-water extract produced 60 to 70 per 


cent hydrolysis of the cholesterol butyrate. Table II shows the time- . 


rate data for four concentrations of liver extract with 41.3 mg. of cholesterol 
butyrate as substrate. The rate of hydrolysis was quite constant through 
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4 hours of incubation, then gradually decreased. However, the degree of 
hydrolysis was proportional to the extract concentration from 2 through 
24 hours of incubation. In order to minimize the influence of the error 
in the cholesterol determinations and for reasons of convenience, in the 
remainder of the experiments the incubation period was 6 or 24 hours. 

Influence of pH—A series of 0.154 m phosphate buffers in the range of 
pH 4.5 to 7.6 was employed in preparing the substrate mixtures. . Inas- 
much as there was a change in pH from that of the buffer used when the 
other constituents of the substrate mixture were added, the pH values 
presented in Table III were determined immediately before adding the 
enzyme extract. The pH was also determined at the end of the incubation 
period and in no case did the initial and final values differ by more than 
0.1 unit. There was a sharp optimum for hydrolysis at pH 6.6. 


Taste III 
Influence of pH on Hydrolysis of Cholesterol Butyrate by Rat Liver Extracts 


Substrate, 41.3 mg. of cholesterol butyrate. Enzyme, 2 cc. of 20 per cent glycerol- 
water extract. Temperature of incubation, 37°. 


pH of digests 








5.0 sa | so | 66s | CGS ( 71 
per cent | per cent | per cent | per cunt per cont | per cent 
Hydrolysis at 6 hrs. . ots 3.6 3.6 | 5.6 31.2 | 80.0 | 54.4 





a- em... 786 | 7.6 | 8.0 | 8.4 | 8.6 | 8.0 


Influence of Emulsifying Agents—In preliminary experiments it was 
found that there was appreciable hydrolysis of cholesterol butyrate when 
Tween 20 was substituted for sodium taurocholate as the emulsifying agent 
in the routine procedure for preparing the substrate mixtures. This was 
in contrast to our earlier results with cholesterol oleate and the enzyme 
in pancreas; with that system hydrolysis was obtained only in the pres- 
ence of bile salts. The effect of sodium taurocholate, Tween 20, and mix- 
tures of the two on the activity of the liver cholesterol esterase was then 
determined (Table IV). There was no activity when water was substituted 
for the emulsifying agents. There was considerable hydrolysis (36.0 per 
cent) when 1 ce. of 5 per cent sodium taurocholate solution per digest was 
used, and a 100 per cent increase in activity with the 10 per cent over. that 
with the 5 per cent solution. At the 15 and 20 per cent levels the activity 
progressively decreased from that observed with the 10 per cent solution. 
The effect of Tween 20 was qualitatively and quantitatively different from 
that of sodium taurocholate. The Tween 20 produced a much lower level 
of activity, and all concentrations studied gave the same degree of activity. 
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When different amounts of sodium taurocholate and a constant amount of 
Tween 20 were employed, there was an inhibition of the effect of the tauro- 
cholate; however, the 10 per cent solution gave the highest activity and 
there was a decrease above this level. The three concentrations of Tween 
20 employed all inhibited the effect of 10 per cent sodium taurocholate 
solution to the same extent; 7.e., the hydrolysis was decreased from 70.8 
to approximately 37 per cent. 


TaBLe IV 
Influence of Emulsifying Agents on Hydrolysis of Cholesterol Butyrate by Rat Liver 
Extracts 
Substrate, 41.3 mg. of cholesterol butyrate. pH of digests, 6.6. Enzyme, 2 cc. 
of 20 per cent glycerol-water extract. Incubation time, 6 hours; temperature, 37°. 














Concentration of emulsifying agents* | 
Digest No. Hydrolysis 
Sodium taurocholate | Tween 20 
per cent | per cent | per cent 

1 0 0 0 

2 5 0 36.0 

3 10 0 | 70.8 

4 15 0 54.8 

5 20 0 | 42.8 

6 0 5 14.0 

7 0 10 13.6 

8 0 15 14.0 

9 | 5 | 10 18.4 
10 10 | 10 30.4 
ll 15 10 19.2 
12 20 10 20.0 
13 10 | 10 36.0 
14 10 15 36.8 
15 10 | 20 36.8 








* 1 cc. of aqueous solution containing the designated concentration of emulsifying 
agents used in preparing the substrate mixtures. 


Effect of Dialysis on Activity—Dialysis of liver homogenates in distilled 
water against distilled water for 24 hours at 5° had no significant effect on 
the activity in hydrolyzing cholesterol butyrate. This result suggests that 
no dialyzable cofactors are required for the hydrolytic action of the enzyme. 

Determination of Inactivation Temperature—Aliquots of a 20 per cent 
glycerol-water extract were incubated for 15 minutes at various tempera- 
tures between 25-75°, and then 2 cc. samples of each of the aliquots were 
assayed for activity. There was a gradual decrease in activity in the 
aliquots from 37-60°; the sample heated at 60° had approximately one- 
third the activity of the one heated at 37°. At 65° the enzyme was com- 
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pletely inactivated. This lability at 65° was also found to be a charac- 
teristic of the pancreatic cholesterol esterase. 

Activity of Different Liver Extracts—Four different types of liver extracts 
were prepared, as described in the experimental part, from a minced and 
well mixed group of four livers and assayed for hydrolytic activity with 
cholesterol butyrate and palmitate as substrates (Table V). The three 
extracts containing the liver in 20 per cent concentration all gave essentially 
the same degree of hydrolysis of cholestero] butyrate. The Nieft-Deuel 
extract, which was 50 per cent in respect to liver concentration, gave ap- 
proximately 2.5 times as much hydrolysis as the other extracts. Essen- 
tially the same type of result was obtained with cholesterol palmitate as 


TABLE V 
Activity of Different Liver Extracts 
Substrates, cholesterol butyrate (41.3 mg.) and cholesterol palmitate (56.5 mg.) 
equivalent to 35 mg. of cholesterol. pH of digests, 6.6. Enzyme, 2 cc. of the indi- 
cated liver extracts prepared as described in the text. Duration of incubation, 24 
hours; temperature, 37°. 














Digest No. Liver extract Cholesterol ester Hydrolysis 
per cent 
1 Glycerol-water Butyrate 20.3 
2 vis Palmitate 5.3 
3 Phosphate buffer Butyrate 18.6 
4 " . Palmitate 3.3 
5 Saline Butyrate 19.5 
6 ” Palmitate 2.0 
7 Nieft-Deuel Butyrate 44.5 
8 6 Palmitate 7.0 








the substrate. The data suggest that, under our experimental conditions, 
the activity in all of these extracts may be attributed to the same enzyme 
system. 

Effect of Modifications in Procedure—An extensive series of experiments 
was carried out on the effects of various modifications of the routine pro- 
cedure described in the experimental part. These experiments indicated, 
first, that shaking during the incubation did not inactivate the enzyme 
system; secondly, that the level of activity was independent of the buffer 
employed; and, thirdly, that the addition of lecithin to the substrate mix- 
ture did not increase the activity when cholesterol] butyrate was the sub- 
strate. When the substrate was cholesterol palmitate or cholesterol oleate, 
the addition of lecithin in some experiments produced a small increase 
in activity, in others a slight inhibition. The effect of adding lecithin to 
the digests was further examined by comparing the hydrolytic activity in 
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digests containing lecithin but no bile salts with digests containing bile 
salts but no lecithin. There was some hydrolytic activity in the presence 
of lecithin alone, but it was much greater in the presence of bile salts. The 
results suggested that the effect of lecithin could be attributed to emulsi- 
fying action. 

Comparative Activity of Extracts of Rat Liver and Pancreas—In view of the 
marked differences in specificity and activity between liver and pancreas 
indicated in the present study and our previous ones with pancreatin and 
fresh hog pancreas, it seemed desirable to compare the specificity and ac- 
tivity in these tissues from the same animal. Glycerol-water extracts were 
prepared from the liver and pancreas of rats and tested as indicated in 
Table VI. It should be emphasized that the values for rat pancreas are 


TaBLe VI 
Comparative Activity of Rat Liver and Pancreas Extracts 
Substrates, for hydrolysis, amounts of esters equivalent to 35 mg. of cholesterol; 
for esterification, 35 mg. of cholesterol and 3 equivalents of the fatty acids. pH of 
digests, for hydrolysis, 6.6; for esterification, with butyric acid, 5.2; with oleic acid, 
6.2. Enzyme, 20 per cent glycerol-water extracts. Temperature of incubation, 37°. 




















Enzyme extract ficcidiadito Hydrolysis Esterification 
Tissue | Volume _ Oleate | Butyrate | Oleic acid | Butyric eld 
parr a. hrs. per cent | percent | per cent | per cent 
ad cites di | 2 6 0.0 56.3 | 0.0 | 0.0(6.0)* 
PR a decisscansney | 1 2 29.1 88.0 65.7 | 7.1 











* Maximal value obtained in all experiments. 


minimal, inasmuch as it was necessary to include some mesenteric tissue 
because of the anatomic distribution of the pancreas in the rat. However, 
the markedly greater activity in the pancreas, the very low level of esteri- 
fying activity in the liver, and the differences in specificity as regards the 
long and short chain fatty acids were demonstrated in tissues from the 
same animal. 


DISCUSSION 

The data of the present study, while in general agreement with those 
reported by Nieft and Deuel (10) and others (1), considerably extend 
our knowledge of the characteristics and specificity of the cholesterol es- 
terase activity of liver. As discussed in the experimental section, the 
emulsification of the substrates was carefully controlled in the present 
study, whereas in the earlier work the procedures did not provide informa- 
tion on the stability and uniformity of the emulsions and the results were, 
of necessity, only qualitative. It is possible that the reported effects of 








lecit 
imp! 
cont 


mus 
with 
chai 
avai 
uns: 
este 
lest 
frac 
pau 
rept 
pat. 
cin 
spe 
is 0 
tior 
of | 


siol 


oe, Ww bo 





bile 
ence 
The 
ulsi- 


f the 
Treas 
and 
| ac- 
were 
d in 
; are 


erol; 
HH. of 
acid, 
R ig 


acid 
nt 


0)* 


ssue 
ver, 
teri- 
the 

the 


hose 
tend 
| es- 

the 
sent 


rere, 
s of 





J. E. BYRON, W. A. WOOD, AND C. R. TREADWELL 491 


lecithin, phosphate, and cofactors in increasing the activity. were due to 
improvement in the emulsification of the substrates, thereby increasing the 
contact between enzyme and substrate. 

Any suggestions regarding the physiological importance of this enzyme 
must of necessity be largely speculative. The situation is similar to that 
with liver esterase, which has been reported to hydrolyze only the short 
chain fatty acid esters (13) which do not ordinarily occur in liver fat. The 
available data indicate that the normal esters of the blood are principally 
unsaturated esters with small proportions of palmitic and stearic acid 
esters (14). Cholesterol butyrate and the other short chain esters of cho- 
lesterol have not been shown to occur normally in the cholesterol ester 
fraction of the liver or blood. However, this may be a reflection of the 
paucity of data and the technical difficulties of such studies. It has been 
reported (15) that cholesterol butyrate occurs in the serum of cancerous 
patients and acts as an inhibitor of a substance in serum which lyzes car- 
cinoma cells. While this enzyme is relatively low in activity with re- 
spect to the long chain fatty acid esters, its occurrence in the liver (which 
is one of the few tissues in the body that may contain a high concentra- 
tion of cholesterol esters) and the finding that it is active in the absence 
of bile salts suggest that it may have a réle in the metabolism of the “phy- 
siological” esters of cholesterol. 


SUMMARY 


The properties and specificity of a cholesterol esterase in rat liver ex- 
tracts are reported. The enzyme catalyzes the synthesis and hydrolysis 
of the cholesterol esters of fatty acids containing from 4 to 18 carbons. 
There was a low level of synthetic activity with the acids containing more 
than 4 carbons; the hydrolytic activity was also quite low with the ester 
of acids containing more than 10 carbons. For hydrolysis, the enzyme 
required an emulsifying agent for activity and bile salts, in addition to 
their emulsifying action, had a marked effect in enhancing the activity of 
the enzyme. Dialysis of the liver extracts did not decrease their activity. 
The enzyme had an optimal pH of 6.6 for hydrolysis and was inactivated 
by heating at 65° for 15 minutes. Its low level of activity and specificity 
differentiates it from the cholesterol esterase of pancreas. 
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ADENOSINETRIPHOSPHATASE SYSTEMS OF MUSCLE 
Il. IDENTIFICATION OF THE REACTION PRODUCTS* 
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It is commonly held that in the enzymatic hydrolysis of adenosinetri- 
phosphate! by myosin | mole of phosphate is liberated. In certain systems, 
the second phosphate residue is likewise set free, and the resulting AMP 
may be deaminated to IMP. Complicated formulations have been pro- 
posed for these reactions (2-4, 21), which have in part been shown to be 
improbable (1, 15), and the reactions are now usually ascribed to the com- 
bined action of adenylate kinase (myokinase, see Colowick (7)) and adenyl- 
ate deaminase. However, it is not clear which factors favor the association 
of these enzyme activities with myosin. 

We have reinvestigated this problem with more explicit procedures than 
have heretofore been applied and have identified the products formed from 
ATP under the action of myosin and of actomyosin in its original configura- 
tion in the form of myofibrils. The unequivocal identification of the reac- 
tion products, besides its theoretical interest, is a prerequisite for the appli- 
cation and interpretation of our electrotitrimetric method for the assay of 
ATPase (11). 
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1 Abbreviations, adenosinetriphosphate (ATP), adenosinediphosphate (ADP), 
adenosinemonophosphate (AMP); inosinic acid (IMP), adenosinetriphosphatase 
(ATPase). 
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EXPERIMENTAL 


Methods 


Myosin—In some instances, myosin was prepared from rabbit muscle 
according to Mommaerts and Parrish (16). Preparations so obtained will 
be indicated as “prepared by dialysis.”” In other cases, the protein was 
prepared by a combination of the procedures of Portzehl et al. (19) and of 
Szen.-Gy6rgyi (20), by precipitating myosin from the fresh extract by 12- 
fold dilution with water, redissolution in 0.5 mM KCl (at pH 6.8), precipita- 
tion of actomyosin by dilution to ionic strength 0.28, and crystallization by 
diluting this solution with water under stirring. Such myosin samples 
will be indicated as “‘prepared by dilution.” 

Myofibrils—These were prepared according to the detailed description 
by Perry (18). The fibrils were washed five times with buffer or 0.08 m 
KCl and were finally suspended in 0.08 m KCl. Contracted fibrils were 
obtained by the addition of ATP to such suspensions, followed by three 
further washings with water or dilute KCl. 

Adenosinetriphosphatase—Determination of the ATPase activity was 
made with the electrotitrimetric method, at 27° (Green and Mommaerts 
(11)). 

Inorganic phosphate was determined according to Fiske and Subbarow 
(10) in trichloroacetic or perchloric acid filtrates. 

Nucleotides—Adenylic and inosinic derivatives were distinguished by ul- 
traviolet spectrophotometry (Kalckar (13)). Quantitative separations 
were effected by chromatography on columns (1 cm. diameter, 4 cm. 
height) of Dowex 1 in the chloride cycle according to Cohn and Carter 
(6).2. With our resin sample (200 to 500 mesh; presumably 10 per cent 
cross-linkage), IMP appeared in the first solvent (0.003 n HCl) after about 
100 ml. of eluate (Khairallah and Mommaerts (14)). 

In the case of myosin solutions, deproteinization was effected with per- 
chloric acid (Neuberg et al. (17)), followed by neutralization with KOH 
and crystallization of KClO, in the cold. For fibril suspensions, which 
always contracted upon the addition of ATP, it sufficed to let the material 
settle by gravity in the cold and to employ the supernatant solutions with- 
out further treatment. 


Results 


Number of Phosphate Radicals Liberated As Determined Titrimetrically— 
With myosin prepared by dilution, complete and exclusive liberation of 
1 mole of phosphate per mole of ATP was found. This was demonstrated 


2 Dr. P. A. Khairallah and Mrs. Mary Dickens assisted in some of these chromato- 
graphic analyses. 
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titrimetrically (Fig. 1) at pH 6.5 and at pH 9.0. At the former pH, the 
splitting is probably due to true hydrolysis; at alkaline reaction, we pre- 
sume splitting by hydroxyl ions. Addition of Ca*+* or other variations 
in the composition of the ionic medium did not cause alternative results. 

With myosin prepared by dialysis, however, both labile phosphate groups 
of ATP were removed (Fig. 1). The formation of an inosinic compound 
was detected spectrophotometrically after prolonged incubation. 





7.0 
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TIME IN MINUTES 

Fig. 1. Electrotitrimetrically determined course of the hydrolysis of ATP by 

myosin prepared by dilution (©) and by dialysis (A). The dotted lines give the 

theoretical limits of acid production in microequivalents when one or two phosphate 

groups are removed. Reaction mixture, 25 ml., 0.1 m KCl, pH 6.7, containing 8 um 
of ATP and 3.88 mg. of myosin. 





Myofibril suspensions likewise caused dephosphorylation beyond the 
stage of ADP, as well as deamination. As with myosin, the relative speeds 
of the liberation of the two phosphates and of the deamination depend upon 
the composition of the medium (Fig. 2). 

Suspensions of contracted and washed myofibrils, however, liberated the 
terminal phosphate completely and exclusively (Fig. 2), and did not cause 
any deamination. 

Some Quantitative Experiments—We have also studied the action of the 
various enzyme preparations on ATP, ADP, and AMP by determining, by 
chemical analysis, the amount of phosphate split and by observing the 
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occurrence of deamination spectrophotometrically (Table I). It is seen 
that myosin, prepared by dialysis, ‘as well as fibril preparations not previ- 
ously contracted, liberated exactly 2 moles of phosphate from ATP, up to 
1 from ADP, and none from AMP, and deaminated all three substrates or 
their breakdown products. On the other hand, myosin prepared by dilu- 
tion, as well as fibril preparations washed after contraction, liberated 1 
mole of phosphate from ATP and none from ADP or AMP and deaminated 
only the latter substrate. Heating destroyed all activities in every case. 


= 





MICRO-EQUIVALENTS 
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0 10 20 30 40 sO 60 70 80 90 100 
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Fig. 2. As in Fig. 1, for myofibrils (O) and washed contracted myofibrils (A). 
Reaction mixture, 25 ml., 0.1 m KCl, 0.004 m MgClz, pH 6.8 and 6.7, respectively, 
containing 7.8 um of ATP and 2.3 mg. of protein. 








Chromatographic Identification—In Fig. 3, we give examples of the chro- 
matographic identification of reaction products for the case of the action 
of fibrils upon ATP. It is seen that with contracted and washed fibrils, 
ADP was the exclusive end-product. With uncontracted fibrils, however, 
the ADP was further dephosphorylated and deaminated. In such an ex- 
periment (the one illustrated is nearly identical with that of Fig. 2) one 
finds less consumption of base than would correspond to the dephosphoryla- 
tion, owing to the production of ammonia. However, at certain pH values 
and in the absence of bivalent ions (as in the experiment of Fig. 1), the 
deamination is relatively slow. 


Demonstration of Adenylate Kinase—In order to test whether the break- 
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TaBie I 
Dephosphorylation and Deamination of Adenosine Polyphosphates by Myosin and 
Myofibril Preparations 
Preparation incubated with 1.13 um of ADP, 2.1 um of ATP, or 2.0 um of ADP per 
25 ml. reaction mixture in the presence of 0.1 m KCl, 4 X 10-? m Mg*t+ with ADP, 
and 4 X 10-* m Cat*+ with ATP or AMP. All runs were carried out at pH 6.7. 




















Preparation p:ATP | Deami- | p:app | Deami- | p:amp.s| Deami- 

Myosin 

By dialysis.......... ere Oe + 0.69 + 0.02 + 

Same, heated*.............. 0.02 ~ 0.01 - 0.02 - 

By dilution................. 0.97 _ 0.04 - | 0.08 | + 

Same, heated*.............. 0.04 - 0.02 - 0.04, —- 
Fibrils 

Uncontracted............... 1.98 + 0.89 + | 0.02 + 

Same, heated*.............. 0.03 - 0.05 - | 0.01 - 

Contracted (washed).......| 0.96 — 0.02 — 0.02 a 

Same, heated*.............. 0.04 - 0.03 - | 0.03 - 








* To 90° for 2 minutes in 0.05 m HCl. This destroys ATPase and deaminase but 
leaves adenylate kinase unaffected. 






























1.0 rl 
0.003 N HCL 0.01 N HCL ' 0.01 N HCL 
002 M NACL | 9 2 MNACL 
ost | 
| 
| 
0.67 
fea | 
ie} 
8 0.47 | 
“ | 
G | 
> 02° ' 
S | 
” 
re liane 
WwW 
Oo oO ' 
q 0.67 | 
oO 
- | 
fo} 0 a4 
| 
| 
02+ 
| 
SSssenace 
fe) 
AMP ATP 





TUBE NUMBER 
Fic. 3. Chromatographic identification of reaction products after incubation of 
ATP with myofibrils (bottom) or washed, contracted myofibrils (top), in a medium 
of 0.1 m KCl, 0.004 m MgCl. at pH 6.7, containing 2.3 mg. of protein and 7.8 um of 
ATP in 25 ml. Volume of each fraction, 10 ml. 
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down of ATP beyond the stage of ADP corresponds to the action of adeny]- 
ate kinase, we have sought to bring direct demonstration of this enzyme in 
myosin or fibrils. This is possible since the kinase is resistant against 
heating at 90° in 0.05 n HCl for 2 minutes (Kalckar (12)), while 
the other enzymatic activities of the system are destroyed by that treat- 
ment. Therefore, preparations obtained by heating myosin or fibril sus- 
pensions were incubated with ADP, and the reaction products determined 
chromatographically (Table II). It is seen that myosin prepared by dialy- 
sis and fibril preparations contain adenylate kinase, while myosin prepared 


TABLE II 
Demonstration of Adenylate Kinase in Myosin Preparations 


Myosin (heated*) and fibrils (heated*) incubated with ADP (1.13 um) in 0.1 m 
KCl, 0.004 m MgCle, pH 6.7. 























| Nucleotide : 
Preparation ATE AMP Effluent =... peter 
| AMP ADP ATP 
MM uM uM uM uM 
Myosin ‘ 
By dialysis....... ...| 0.31 | 0.45 | 0.29 0.94 0.067 1.11 98.3 
* dilution... 1.10 0.058 1.16 103.0 
Fibrils 
Uncontracted..... 0.30 | 0.45 | 0.31 1.02 0.057 1.12 99.1 
Contracted (washed) 1.07 0.064 1.13 100.0 











In all cases in which ADP has disappeared it has resulted in the production of 
approximately equimolar concentrations of AMP and ATP. 

* Myosin is destroyed at 90° in 2 minutes in 0.05 m HCl but myokinase is stable 
under these conditions. 


by dilution as well as contracted, washed fibrils is devoid of detectable 
amounts of this enzyme (incubation lasted up to 10 hours). 

Release of Adenylate Kinase from Fibrils—If myokinase is removed from 
fibrils during contact with ATP and in subsequent washings, it should be 
possible to detect the enzyme in the wash fluid. Conversely, no significant 
amount of enzyme should be detectable in the supernatant solution after 
washing the fibrils with water or dilute salt solution without ATP. Such 
experiments are summarized in Table III. It is seen that the adenylate 
kinase reaction has proceeded to only a minor extent in the supernatant 
solutions of uncontracted fibrils, but that in the washings of contracted 
fibrils (heated or unheated) this reaction is notable. 

Release of Adenylate Deaminase—One other feature of the reactions in 
the supernatant fluid of contracted fibrils deserves mention (Table III). 
The heated extract shows exclusively myokinase activity. In the unheated 
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extract, however, the AMP is quantitatively deaminated. Therefore, ad- 
enylate deaminase must have been released by the fibrils, although no 
ATPase is present since the ATP:IMP ratio equals 0.97. However, as 
shown by the data in Table I, this release of deaminase is not complete, 
some still being retained by the fibril. 

Equilibrium Constant of Adenylate Kinase Reaction—With a number of 
different enzymes, made by heating myosin, fibrils, or fibril washings in 
HCl, we have determined values for the equilibrium constant at pH 6.7 
and 27°. For K = (ATP)(AMP)/(ADP)? we obtained 0.455, 0.451, 0.448, 
0.412, 0.519, 0.446, 0.527, 0.432, 0.453, 0.407, and 0.409 (average 0.455), in 


TaBLeE III 
Extraction of Adenylate Kinase from Myosin or Myofibrils 
Preparation incubated with ADP (1.13 um) in 0.1 m KCI, 0.004 m MgCle, pH 6.7. 








Nucleotide | Bate 
Preparation : | — | Effluent ef yarn 
AMP IMP. ADP | ATP | ATP, | tide 
uM MM uM uM | uM uM 
Unheated supernatant | 0.092 0.86 0.08 | 0.052 1.09 96.7 
from uncontracted fi- | 
brils | 
Heated supernatant from! 0.085 0.94 | 0.081 0.071 | 1.18 | 104.0 
uncontracted fibrils 
Unheated supernatant 0.30 | 0.44 | 0.29 0.97 0.075 1.10 97.3 
from contracted fibrils 
Heated supernatant from) 0.31 0.43 0.33 1.03 0.084 1.16 102.0 


contracted fibrils 


close agreement with the value of 0.444 found by Eggleston and Hems (8) 
at pH 7.5 and 30°. 


DISCUSSION 


The data described in this paper show conclusively that myosin or muscle 
fibrils, if properly purified, dephosphorylate ATP exclusively to the stage 
of ADP. In those cases in which the breakdown proceeds further, we have 
been able to ascribe this to adenylate kinase by direct demonstration of this 
enzyme after destruction of the ATPase by heating in acid. 

Knowledge of the reaction products is imperative for the correct applica- 
tion of the electrotitrimetric method (11) for the determination of ATPase. 
Since, electrochemically, the change from ADP to AMP is similar to that 
from ATP to ADP, this method would be approximately valid also if two 
phosphate radicals instead of one are liberated. If, however, deamination 
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proceeds at a rate comparable to that of AMP formation, the acidification 
is diminished to the extent that ammonia is liberated. 

It would seem that myosin systems tend to retain adenylate kinase 
tenaciously, releasing this only when washed with water in the presence of 
ATP. This, at least, is the artifice by which we removed this enzyme from 
myofibril preparations (that these also contracted in the process may be 
unessential in this respect), and it is also the only apparent difference 
between the two methods of preparing myosin. Without ATP, even re- 
peated washings are not very effective, in agreement with the observations 
of Perry (18) on fibrils and of Bowen and Kerwin (5) on myosin. 

It is of interest to note that, upon treatment with ATP, myofibrils also 
release some adenylate deaminase without any ATPase. While this ob- 
servation requires further elaboration, the suggestion is made that means 
may be found to separate this enzyme from myosin (cf. Engelhardt et al. 


(9). 
SUMMARY 


The products arising from ATP by the action of myosin systems have 
been identified by ion exchange chromatography. 

Properly prepared myosin or myofibrils catalyze the removal of the 
terminal phosphate of ATP only. Other preparations, however, carry the 
breakdown further. Adenylate kinase has been demonstrated in such 
preparations. From myofibrils, this enzyme can be removed by washing 


with ATP solution. This procedure also detaches some adenylate deamin- 
ase. 


The equilibrium constant of the adenylate kinase reaction has been 
determined (K = 0.455 at 27°, pH 6.7). 


Addendum—It has been shown by Webster (22) that, under circumstances in 
which adenylate kinase is completely suppressed, fibrils from striated muscle deam- 
inate adenosinediphosphate directly to inosinediphosphate. This is a slow reaction 
which will usually be masked by the reactions described in the present paper, but 
which becomes prominent in the absence of bivalent ions or at low pH. 
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INHIBITION OF GLUCOSE UPTAKE BY THE SERUM OF 
DIABETIC RATS* 


By J. BORNSTEIN{ anv C. R. PARK} 


(From the Department of Biological Chemistry, Washington University School of 
Medicine, St. Louis, Missour?) 


(Received for publication, June 12, 1953) 


Previous studies (1-6) of an anterior pituitary factor which inhibits 
glucose uptake by the isolated rat diaphragm may be summarized as fol- 
lows. First, in alloxan-diabetic rats glucose uptake by the diaphragm is 
inhibited, and this inhibition is relieved by insulin, by adrenalectomy, and 
by hypophysectomy. Second, in hypophysectomized rats glucose uptake 
by the diaphragm is accelerated and can be restored to normal by the in- 
jection of pituitary extracts or purified growth hormone in microgram 
quantities. Third, the inhibitory effect of pituitary fractions and growth 
hormone is enhanced by concomitant administration of adrenal steroids 
which are by themselves inactive. 

The inhibitory action of growth hormone on glucose uptake is apparently 
indirect. Thus, growth hormone in vivo causes inhibition only after a 
latent period of several hours; it has no inhibitory activity when added 
in vitro to the isolated diaphragm.' Crude pituitary fractions in vivo are 
more rapidly active than the purified growth hormone, but also lack ac- 
tivity in vitro. It has been postulated therefore that the growth hormone 
acts by way of an intermediate substance which may be the true physiologi- 
cal inhibitor of glucose uptake (8-10). This substance might be formed 
from the growth hormone in vivo, or might be a chemically unrelated factor 
released in the body as a result of administration of growth hormone. 

From the above considerations and the work of Tuerkischer and Werthei- 
mer (11) it seemed probable that this inhibitory substance would be present 
in the serum under appropriate experimental conditions. In contrast to 


* This work was supported in part by research grants from Eli Lilly and Company 
and from the Rockefeller Foundation. 

t Senior Fellow, National Health and Research Council of Australia. 

t Present address, Department of Physiology, Vanderbilt University School of 
Medicine, Nashville, Tennessee. 

1 When added in vitro to diaphragms from hypophysectomized rats, growth hor- 
mone preparations were found to enhance rather than depress glucose uptake (6); 
when added to normal rat diaphragms under the present experimental conditions 
they did not have any effect on glucose uptake, a finding which is confirmed in the 
present paper. Ottaway (7) also found a stimulation with normal diaphragms. We 
have not been able to confirm his report of inhibition of uptake with growth hor- 
mone in vitro. 
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the growth hormone, this principle should inhibit glucose uptake when 
added to the diaphragm in vitro. It should be present in the serum of 
alloxan-diabetic rats and should disappear after adrenalectomy and hypo- 
physectomy. It should appear in the serum following injection of growth 
hormone and adrenal steroids. These expectations have been confirmed 
in the present work. 


EXPERIMENTAL 


The diaphragm donors were Sprague Dawley rats of 85 to 120 gm., and 
the blood donors were rats of 250 to 450 gm. of body weight. All animals 
were maintained as previously described (1) and fasted for 20 to 24 hours 
before use. 

Alloxan diabetes was produced by intravenous injection of alloxan mono- 
hydrate (Eastman), 60 mg. per kilo. To minimize renal damage, 10 ml. 
of 0.9 per cent saline were given intraperitoneally at the time of the alloxan 
injection. The rats were then allowed food and ‘vater ad libitum for 48 
hours and then fasted for 24 hours, after which period blood sugar was 
estimated and the animals used. 

A fasting blood sugar of 300 mg. per 100 ml. or more was regarded as 
evidence of diabetes, and animals with lower blood sugar levels were dis- 
carded. The incidence of diabetes was 95 per cent and the mortality 15 
per cent. 

Hypophysectomy was carried out by the parapharyngeal approach, and 
the animals were not used until 10 to 14 days after operation. Absence 
of glandular residue in the pituitary fossa, atrophy of the adrenals, and 
atrophy of the testes were used as the criteria of total hypophysectomy. 
Adrenalectomy was carried out by a dorsal approach, and animals were 
not used until 4 days after operation. 

Because of the varying glucose content of the different sera, the glucose 
concentration was determined in each. The serum was then diluted with 
an equal volume of Krebs-Henseleit bicarbonate buffer (12) and glucose 
was added as necessary to make the glucose concentration 200 mg. per 
cent in each case. All further references to ‘“‘serum”’ are to such adjusted 
and diluted serum samples. The serum was stored at 5° and used within 
the shortest possible period of time. 

Hemidiaphragms were first. placed for 5 minutes in cold Krebs-Henseleit 
buffer containing 0.2 per cent glucose (13). They were removed, blotted, 
placed in 1 ml. of the appropriate serum, and incubated for 1 hour at 37°, 
being shaken in small beakers at 140 r.p.m. in the Dubnoff apparatus (14), 
with 95 per cent 02-5 per cent CO, as the gas phase. Insulin, when added, 
was 0.1 unit per ml. 
slucose utilization was determined by the difference between the initial 
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and final glucose concentrations of the serum. The samples were depro- 
teinized by the barium-zinc procedure and glucose estimated by the Nelson 
(15) method. The hemidiaphragms were weighed at the conclusion of 
the experiment and the rate of utilization expressed as mg. glucose per 
gm. of muscle per hour. 

The concentration of free glucose in the diaphragm was determined as 
follows: After incubation, the diaphragms were rinsed for a few seconds in 
ice-cold saline, blotted, rapidly frozen with dry ice, and ground with sand 
in barium hydroxide solution. Zinc sulfate solution was added to com- 


TABLE I 
Relationship of Glucose Concentration in Diaphragm to That in Medium 
The number of experiments is given in parentheses. 


| 





Initial glucose 








concentration Time of incubation Temperature Concentration in diaphragm 
in medium | | 
um per mi. r, ale. °C, | uM per gm. 
0 | 0 37 1.2 (4) 
11 | 5 37 3.4 (6) 
60 37 3.1* (6) 
60 12 5.2f (10) 
110 1 37 11.5 (3) 
10 37 26.4 (3) 
20 37 27.3 (38) 
| 30 37 29.7 (3) 


* Average glucose utilization, 14 um per gm. without and 26 um per gm. with 
insulin in the medium, corresponding to a decrease in the glucose concentration of 
the medium of 14 and 26 per cent respectively. 

+ Average glucose utilization, 0.9 um per gm. 





plete the deproteinization and glucose estimated by the Nelson procedure. 
Paper chromatography was used to demonstrate that the principal reducing 
substance in the filtrate was glucose. 

Glucose Content of Diaphragm—An important consideration in the meas- 
urement of glucose uptake by isolated rat diaphragm is the relationship of 
glucose concentration in the medium to that in the diaphragm. Under 
the usual conditions of such measurements (second and third lines, Table 
I), about one-third of the muscle volume comes to equilibrium with the 
glucose concentration in the medium during 5 minutes of incubation. 
Thereafter the diffusion of glucose into the extracellular space keeps pace 
with the rate of utilization, even if the latter is doubled by addition of 
insulin to the medium. That one is dealing with a steady state between 
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rates of diffusion and utilization is shown by the fact that when the dia- 
phragms are incubated at 12° instead of 37°, a procedure which suppresses 
glucose utilization, there occurs an increase in the free glucose concentra- 
tion of the diaphragm. 

When the outside concentration of glucose is increased 10-fold, 1 minute 
of incubation is sufficient to raise the free glucose concentration of the 
diaphragm substantially,? and after 10 minutes of incubation there is again 
an apparent equilibration with about one-third of the muscle volume. At 
high glucose concentrations a large fraction of the glucose disappearing 
from the medium enters the extracellular space of the tissue, but is not 


TaB.e II 
Effect of Washing on Glucose Concentration in Diaphragm 
The concentration of glucose used for washing was in all cases 7.5 um per ml. 


and the temperature 0°. Shaking was either by hand (H.) or on the Dubnoff ma- 
chine (M.). 


Glucose concentration in 

















medium during $ min. +} ae 

(no shaking) Type | Period Speed diaphragm 

uM per ml. min. r.p.m. uM per gm. 
7.5 H. | 5 2.2 
7.5 M. 5 140 2.0 
23.0 H. 5 6.4 
23.0 M. 5 140 2.4 
39.0 None | | 11.9 
39.0 | M | 5 20 11.8 
39.0 “ 10 20 11.0 
39.0 “ 20 20 11.0 
39.0 “ 30 20 11.0 
39.0 “ 10 140 3.1 





actually utilized. Therefore when the rate of glucose utilization is esti- 
mated from changes in the glucose concentration in the medium, a large 
correction must be made for the increase in free glucose content of the tis- 
sue. 

The experiments in Table II were designed to test the conditions under 
which a relatively high glucose concentration in the diaphragms comes to 
equilibrium with that of the medium. The first two experiments serve as 
controls, since the glucose concentration of the medium during preincuba- 
tion and during subsequent washing (at 0° in order to suppress glucose 
utilization) was the same (7.5 um per ml.). On an average, the glucose 

* This fact came to light when diaphragms were presoaked in sera of different 


glucose concentration, followed by rinsing. The carryover of glucose was suffi- 
ciently great to produce false results in the measurement of glucose uptake. 








concent 
equilibi 
ing exy 
increas 
glucose 
contain 
centrat 
only b; 
achieve 
by han 
effect. 
Effec 
Experi 
buffer 
alone. 
functic 
In si 
higher 
that se 
possib! 
that se 
The 
betic r 
The pr 
by the 
glucos 
renale 
rate o 
(comp 
It v 
the in 
This i 
No. 2% 
donor 
ITT). 
effecti 
appea 
be see 
mone 
In‘ 
dition 
diabet 





J. BORNSTEIN AND C. R. PARK 507 


concentration of the diaphragm was 2.1 um per gm., corresponding to an 
equilibration with about 28 per cent of the muscle volume. In the remain- 
ing experiments the initial glucose concentration in the diaphragms was 
increased by preincubating the diaphragms in solutions containing higher 
glucose concentrations. The subsequent washing procedure in a solution 
containing 7.5 um per ml., if effective, should reduce the free glucose con- 
centration of the diaphragm to about 2.1 um per gm. It may be seen that 
only by vigorous mechanical shaking (140 r.p.m. for 10 minutes) can one 
achieve a diffusion of glucose from the diaphragm to the medium. Shaking 
by hand or shaking in a machine at 20 r.p.m. for 30 minutes had little if any 
effect. 

Effect of Serum—The results are presented in Table III. In comparing 
Experiments 1 and 2, it can be seen that the rate of glucose uptake in 
buffer with 3 per cent bovine albumin (Armour) is higher than in buffer 
alone. It is known, in general, that surviving tissues remain in a better 
functional state when in contact with a fluid containing serum proteins. 

In serum from fasted normal rats (Experiment 3) the glucose uptake is 
higher than in 3 per cent bovine albumin; this could be due to the fact 
that serum is a still better medium than 3 per cent albumin. It is also 
possible that some insulin persists in the serum of fasted normal rats or 
that serum contains other accelerative substances. 

The rate of glucose uptake was significantly lower in serum from dia- 
betic rats than in serum from normal rats (Table III, Experiments 3 and 4). 
The possibility that this difference was due to stimulation of glucose uptake 
by the insulin present in the latter serum, rather than to inhibition of 
glucose uptake by the former serum, is made unlikely by the fact that ad- 
renalectomy or hypophysectomy of the diabetic serum donors restored the 
rate of glucose uptake to that observed in serum from normal animals 
(compare Experiments 3, 5, and 6, Table ITT). 

It would appear that an inhibitor is present in diabetic serum and that 
the inhibition is dependent on both the pituitary and adrenal secretions. 
This is supported by the fact that injection of growth hormone (Armour 
No. 22KR2) plus cortisone (Merck) into diabetic hypophysectomized serum 
donors restored the inhibitory capacity of the serum (Experiment 7, Table 
III). Injection of either hormone alone (Experiments 8 and 9) was in- 
effective, the serum behaving as if normal. The inhibitor, once formed, 
appears to persist for a long time in the blood. In Experiment 10 it may 
be seen that serum obtained 7 days after the last injection of growth hor- 
mone and cortisone was still strongly inhibitory. 

In Table IV are experiments designed to give information about the con- 
ditions under which the inhibitor is formed in the body. Serum from 
diabetic hypophysectomized rats does not regain its inhibitory action when 
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growth hormone and cortisone are added in vitro, either alone or combined. 
It is also ineffective to inject the serum donors with either growth hormone 


Taste III 
Effect of Sera from Various Types of Donor Rats on Glucose Uptake of Normal Rat 
Diaphragm 
Where indicated, 0.2 mg. of growth hormone (Armour No. 22KR2) and 0.1 mg. of 
cortisone (Merck) were injected intraperitoneally for 2 days prior to taking the 





= — — SS 








| 
i ; | Glucose uptake, mg. per gm. per hr. 
is Type of rat used as serum donor Medium ¥ 
=| No added insulin | W: | With added insulin 
| 
1 | No serum in medium | Buffer 2.2 + 0.2* cts. 2 + 0.35 (9) 
2| « rae ~ | 3% albumin 3.1 + 0.2 (6) 6.4 + 0.30 (6) 
| in buffer 
3 | Normal Serum (4)t 44.2 + 0.2 (14)/6.0 + 0.25 (14) 
4 | Diabetic (6) (3.0 + 0.13 (23)|5.3 + 0.12 (19) 
5 | - adrenalectomized | si (2) \4.1 + 0.23 (9) (6.1 + 0.11 (9) 
6 | - hypophysectomized | “« (6) ~—s« [4.1 4 0.09 (24)/6.0 + 0.19 (10) 
7 "1 ” } (3) (2.8 + 0.12 (17)|5.3 + 0.14 (7) 
| after injection of growth | | 
hormone and cortisone | 
& Diabetic hypophysectomized | “ (2) 4.2 + 0.15 (9) [5.9 + 0.20 (9) 
after injection of growth | 
hormone 


9 | Diabetic hypophysectomized |  «® 4.0 + 0.20 (8) |5.8 + 0.30 (8) 
after injection of cortisone | 
10 | Diabetic hypophysectomized | “ (1) (2.9 + 0.16 (6) 
168 hrs. after last injection 
of growth hormone and | 


cortisone 








Tests for significance of differences: The insulin effect was ns significant j in all cases 
to P = 0.001. The difference between any one of Experiments 4, 7, and 10, on the 
one hand, and any one of Experiments 3, 5, 6, 8, or 9, on the other, was significant to 
P = 0.001. There was no significant difference between any of the rates in the 
presence of insulin, or among Experiments 3, 5, 6, 8, and 9, or among Experiments 
4,7, and 10. 

* Standard error of the mean. 

¢ Number of individual diaphragms tested. 

t Number of samples of serum tested. 


or cortisone and add the missing component in vitro. As shown in Table 
III, both must pass through the animal body in order to bring about the 
inhibition. Some chemical properties of this inhibitor are described in 
the paper which follows (16). 

All experiments reported up to this point were carried out with dia- 
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phragms from normal rats. In Table V diaphragms from diabetic, dia- 
betic hypophysectomized, and hypophysectomized rats were incubated in 
their corresponding sera. The rate of glucose uptake by diabetic dia- 


TaBLe IV 


Effect of Addition of Hormones in Vitro on Glucose Uptake of Normal Rat Diaphragm 
in Serum 

The diaphragms were incubated for 1 hour at 37° in sera from diabetic hypophy- 
sectomized rats. Where indicated 0.2 mg. of growth hormone (Armour No. 22KR2) 
or 0.1 mg. of cortisone (Merck) was injected intraperitoneally for 2 days prior to 
taking blood. Also where indicated, 0.1 mg. of growth hormone or 0.01 mg. of 
cortisone was added per ml. of serum in vitro. The number of experiments is given 
in parentheses. 


























Hormone injected into diabetic Hermans added i vitre Glucose uptake, mg. per gm. 
hypophysectomized rat used as serum donor per hr. 
Growth Cortisone 
ER er rer 0 0 4.1 + 0.1* (24) 

OE Oe alee ean eis ler dae aa aca + 0 4.1 + 0.3 (6) 

lel Bary Set mise UT ene Ra hc.” 0 + 4.2 + 0.2 (6) 

WD; Se cb. Ouch ae wire + + 4.0 + 0.4 (6) 
Growth hormone................... 0 + 4.3 + 0.2 (6) 
NII scans not ians 6 top oietc knee Ginetets + 0 4.0 + 0.2 (6) 

* Standard error of the mean. 

TABLE V 
Glucose Uptake by Diaphragms from Endocrine-Deficient Rats in Sera from Same 
Type of Rat 


Six diaphragms used in each experiment. 








Glucose uptake, mg. per gm. per hr. 
Type of rat used as donor for diaphragms and sera Hscasplied backs 
No added insulin With added insulin 
RE Se a oe een eer ee, 2.1 + 0.5* 4.1 + 0.6 
- hypophysectomized................ 4.0 + 0.4 5.7 + 0.3 
Hypophyaectomised . ......... ....06sseceececes 5.5 + 0.2 6.5 + 0.2 








* Standard error of the mean. All insulin effects are significant to P = less than 
0.01. 


phragm in its own serum was the lowest observed in any of the experiments 
reported here; the rate was reduced by 50 per cent when compared with 
normal diaphragm in normal serum and by 62 per cent in comparison to 
diaphragms from hypophysectomized rats in their own serum. The re- 
versal with insulin, although demonstrable in every case, is not complete 
in the presence of inhibitory sera. This is particularly noticeable in the 
experiments of Table V. 
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SUMMARY 


1. The free glucose content of the diaphragm has been determined as a 
preliminary to the measurement of glucose uptake by diaphragm incubated 
in serum at a glucose concentration of 200 mg. per 100 ml. About one- 
third of the muscle volume comes to equilibrium with the above glucose 
concentration during 5 minutes of incubation. Thereafter the free glu- 
cose content remains at the same level, even if the rate of utilization of 
glucose is doubled by the addition of insulin to the medium. At high 
glucose concentrations, such as are found in serum of diabetic rats, the in- 
crease in the free glucose content represents a large fraction of the glucose 
disappearing from the medium and must be applied as a correction in the 
measurement of the rate of glucose utilization. Preincubation at high glu- 
cose concentration, followed by rinsing, also leads to erroneous results, be- 
cause vigorous mechanical shaking for 10 minutes is required to wash the 
free glucose out of the tissue. In view of these results all sera were ad- 
justed to the same glucose concentration (200 mg. per ml.). 

2. Serum from alloxan-diabetic rats inhibits the uptake of glucose in 
vitro by the diaphragm of normal fasted rats. This inhibitory effect is 
reversed by insulin in vitro. Serum from diabetic rats which have been 
adrenalectomized or hypophysectomized does not inhibit glucose uptake. 

3. The injection of both growth hormone and cortisone into diabetic 
hypophysectomized rats restores the inhibitory property of the serum. 
The injection of either substance alone does not restore inhibition and the 
addition to the serum in vitro of the substance not injected is also in- 
effective. Growth hormone and cortisone added simultaneously to the 
serum have no effect on glucose uptake. 

4. It is concluded that the insulin reversible inhibitor of glucose uptake 
in the blood of diabetic rats is formed as a result of endogenous pituitary 
and adrenal cortical activity. 
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INSULIN-REVERSIBLE INHIBITION OF GLUCOSE 
UTILIZATION BY SERUM LIPOPROTEIN 
FRACTIONS* 


By J. BORNSTEINt 


(From the Department of Biological Chemistry, Washington University School of 
Medicine, St. Louis, Missouri) 


(Received for publication, June 12, 1953) 


In the preceding paper (1) it was reported that both growth hormone and 
cortisone have to be injected into hypophysectomized diabetic rats in 
order to restore a serum factor which inhibits glucose uptake by rat dia- 
phragm. A possible explanation was that the inhibitor was a protein- 
steroid complex, and it was argued that such a complex might become 
associated with the lipoprotein fraction of serum. Oncley ef al. (2) have 
shown that at least some of the steroids which circulate in the blood are 
found in lipoprotein-rich plasma fractions, particularly in the §,-lipoprotein. 
As a first attempt in the purification of the serum inhibitor, lipoprotein 
fractions from rat and human blood were tested for their ability to inhibit 
glucose uptake by diaphragm. 


EXPERIMENTAL 


The measurement of glucose uptake by diaphragm was carried out as 
described previously (1, 3). The incubation medium, recorded in Tables 
I to III, was adjusted in all cases to a glucose concentration of 200 mg. 
per 100 ml. Albumin buffer was prepared from dialyzed crystalline bovine 
albumin (Armour) and added to Krebs-Henseleit bicarbonate buffer or to 
Ringer-phosphate buffer in a concentration of 4 per cent, the pH being 
adjusted to 7.4. Each hemidiaphragm was incubated in 1 ml. of medium 
for 1 hour at 37°; the shaking rate was 140 r.p.m. 

In some experiments, the effect of the lipoprotein fraction on glutathione 
synthesis in liver slices from C'*-labeled glycine was determined. The tech- 
nique used has recently been described by Krahl (4). Alloxan-diabetic 
rats were fasted for 24 hours and those having fasting blood sugars of 300 
to 400 mg. per cent were chosen as serum donors. Two methods of ob- 
taining serum lipoprotein were employed, one being similar to the flotation 
method described by Gofman et al. (5) and the other the fractionation 
method developed by Cohn and collaborators (Method 10) (6). 

* This work was supported in part by research grants from Eli Lilly and Company 
and from the Rockefeller Foundation. 

+ Senior Fellow, National Health and Research Council of Australia. 
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The blood was collected directly in plastic centrifuge tubes and permit- 
ted to clot at room temperature, and the serum was separated by centrif- 
ugation in the Servall angle head (12,000 r.p.m. for 15 minutes). The 
salt concentration of the serum was adjusted to 12 per cent by the addition 
of NaCl crystals and the lipoproteins floated to the top of the tube by 
centrifugation in the preparative head of the Spinco model E ultracentri- 
fuge for 4 hours at 51,000 r.p.m. (120,000 x g) at 0°. The yield per 12 
ml. of diabetic serum was about 1 ml. of the floated lipoprotein fraction; 
this was drawn off with a syringe after a scum of free lipides had been re- 
moved with a small spatula and discarded. The yield of lipoprotein from 
serum of normal or hypophysectomized diabetic rats was smaller than 
from serum of diabetic rats. 

The lipoprotein fraction and the residual serum were dialyzed against 
several changes of Krebs-Henseleit bicarbonate buffer for 2 to 2.5 hours 
at 21°. The lipoprotein was diluted to its original concentration in the 
serum with either the lipoprotein “free” residual serum or with the buffer 
containing 4 per cent albumin (see Tables I to ITT). 

Each lipoprotein fraction was used immediately after dialysis for the 
test because of its instability. The dialyzed and diluted material was 
inactivated by freezing or by standing in an ice bath, but appeared to be 
more stable at 20°. Optimal stability was observed when the non-diluted, 
non-dialyzed lipoprotein was stored at 4-7°, the loss of activity under these 
conditions being relatively small for 18 hours. 

Since the flotation method is cumbersome and fails to separate a- and 
8,-lipoproteins, it was decided to test the various fractions obtained by 
Method 10 of Cohn et al. The fractions were prepared and designated as 
in the original publication (6). Heparinized plasma was obtained from 
diabetic rats, from normal human subjects, and from human subjects dur- 
ing insulin hypoglycemia. The fractions to be tested were dissolved in 
4 per cent albumin-phosphate buffer (pH 7.4) containing 5 per cent so- 
dium glycinate (6) and were dialyzed against several changes of the same 
buffer. The fraction was diluted to the concentration at which it had been 
present in the plasma and was used immediately for the tests. The sta- 
bility of the lipoprotein fraction (No. IITo) in solution was similar to that 
of the material obtained by flotation. The crude lipoprotein fractions 
could be stored satisfactorily at —5° as a wet paste for at least 72 hours. 

Effect of Lipoprotein on Glucose Uptake in Muscle—In Experiments 1 and 
2 of Table I the medium was 4 per cent albumin-buffer. Addition of lipo- 
protein obtained from serum of normal rats had no effect on glucose up- 
take, while lipoprotein from diabetic serum produced an inhibition which 
was reversed by addition of insulin (0.1 unit per ml.). In the remainder 
of the experiments of Table I the medium was serum after separation of 
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lipoproteins. In view of the inhibition of glucose uptake by unfractionated 
diabetic serum (1), it is noteworthy that after separation of the lipopro- 
teins the diabetic serum was devoid of inhibitory action. Addition of 
lipoprotein from diabetic serum to either normal or diabetic lipoprotein- 
free serum caused inhibition (Experiments 4 and 5, Table I). The lipo- 
proteins obtained from serum of hypophysectomized diabetic rats did not 
display inhibitory activity (Experiment 6). 

Lipoproteins from normal serum produced a stimulation of glucose up- 
take in Experiment 3 which was not observed in Experiment 1. In the 
former case the medium was lipoprotein-free normal serum and in the lat- 
ter case albumin buffer. If the stimulation by lipoprotein from normal 
serum were due to the presence of insulin, one would expect this effect 
to occur in albumin buffer, since addition of insulin in Experiment 1 pro- 
duced stimulation of glucose uptake. 

In the experiments of Table II the inhibitor contained in diabetic plasma 
was located in Fraction I,II,III, obtained by alcohol fractionation (6). 
Subfractionation yielded Fraction IIo which contains the {,-lipoprotein 
and which produced an insulin-reversible inhibition. The same fraction 
obtained from normal human plasma was not inhibitory. Of particular 
significance was the fact that Fraction IIo, obtained from the plasma of a 
psychotic patient 1 hour after the injection of 100 units of insulin, was 
inhibitory. This suggests that the factor appears in the blood in response 
to hypoglycemia and that it participates in blood sugar regulation as an 
antagonist of insulin. 

Fraction IV,V, whether obtained from plasma of diabetic rats or from 
human plasma after injection of a large dose of insulin, had a stimulatory 
effect on glucose uptake. This stimulating effect has been commented 
upon in the preceding paper and also in conjunction with the experiments 
in Table I. No definite answer can be given at the present time as to the 
nature of the stimulatory substance, except to say that it need not be 
insulin. 

Effect of Lipoprotein on Glutathione Synthesis in Liver—The experiments 
on isolated muscle, in conjunction with experiments on muscle and liver 
extracts to be reported in a later paper, support the concept that the in- 
hibitor acts at the level of the first step in glucose utilization, the phos- 
phorylation of glucose by adenosinetriphosphate. 

In the case of liver slices an effect on glucose uptake cannot be demon- 
strated directly, because in liver slices in vitro glucose formation from gly- 
cogen under the present experimental conditions exceeds uptake from the 
medium, this being especially true in livers from fed rats. In liver slices 
from fasted rats, and still more in liver slices from diabetic rats with low 
glycogen content, Krahl (4) demonstrated a dependence of the rate of 
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glutathione synthesis on the availability of glucose and its metabolites. 
Addition of insulin restored glutathione synthesis of diabetic liver slices 
to normal, provided glucose was added to the medium. Insulin in the 
absence of glucose had no effect. The rate of glutathione synthesis may 
thus be regarded as an indicator system for the rate of glucose uptake, 


TaBLe II 


Effect of Lipoprotein and Other Fractions Obtained from Plasma by Alcohol 
Fractionation on Glucose Uptake by Normal Rat Diaphragm 


Kach fraction was diluted with Krebs-Henseleit phosphate buffer containing 4 
per cent bovine albumin to the same volume as that of the plasma from which it was 
derived; gas phase, oxygen. The number of individual diaphragms tested is given 
in parentheses. For other details of procedure, see the text. 














r= ; £ 33 Glucose uptake, mg. per gm. per hr. 
Ez Source of plasma Fraction Fp | Pees ee eR ee. 
‘& | used for preparation; addedto |= 3¢ aT werd. fry ce, 
4S of fraction medium | .2:3| No fraction With added With added frac- 
g 2 add fraction tion + insulin 
: ~ 
1 | Diabetic rat* L,I, 111 2 |3.7 + 0.3f¢ (7)2.0 + 0.4 (7) | 
2 . " IV,V 2 |3.6 + 0.3 (7) |4.9 + 0.7 (7) | 
3 sy VI 1 13.5 (3) ‘4.3 (3) 
4 << ‘i III, 4 (4.2 + 0.2 (17)|2.3 + 0.2 (11)4.6 + 0.2 (6) 
5 | Normal human} “ 1 4.3 (4) 4.4 (4) 
subject, 12 
hr. fast | 
6 | Human subject) ‘ | 2 4.2+0.1 (6) |2.38 + 0.4 (6) 
| during insu- 
lin hypogly- 
cemia | 
Ying IV,V 1 /4.1 (8) 4.8 (3) 
| 








Tests for significance of differences: The inhibitions in Experiments 1, 4, and 6 are 
significant to P = less than 0.01. The reversal of inhibition of insulin in Experi- 
ment 4 is also significant to P = less than 0.001. 

* Plasma was obtained from alloxan-diabetic rats which had been injected intra- 
peritoneally 24 hours prior to bleeding with 0.2 mg. of growth hormone (Armour No. 
22KR2) and 0.1 gm. of cortisone (Merck). 

+ Standard error. 


provided the formation of carbohydrate intermediates from glycogen is 
limiting. 

In the experiments in Table III liver slices were incubated aerobically in 
a medium containing glucose. Lipoprotein obtained from diabetic serum 
caused a marked decrease in the rate of glutathione synthesis in liver slices 
from normal fasted rats, as measured by the incorporation of C'-labeled 
glycine into glutathione isolated as the cuprous salt. This inhibition was 
partially insulin-reversible. By contrast, liver slices from fed rats incor- 
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porated glycine at the same rate whether or not lipoprotein was added. 
The difference between livers from fasted and fed rats indicates that the 
inhibitor acts on a step in glucose utilization which is by-passed when 
glycogen is the source of energy-yielding metabolites for the synthesis of 
glutathione. Glycogen yields glucose-6-phosphate through the action of 
phosphorylase and phosphoglucomutase, while glucose yields this inter- 
mediate through phosphorylation with adenosinetriphosphate. As in the 


TaBLe III 


Effect of Lipoprotein from Plasma of Diabetic Rats on Glutathione Synthesis from 
Glycine-1-C* by Normal Liver Slices 

Slices were prepared and incubated as described by Krahl (4), except that glycine- 
1-C'* was added after 15 minutes preliminary incubation, followed by 2 hours further 
incubation. The medium was 4 per cent bovine albumin in Krebs-Henseleit bicar- 
bonate buffer and contained 200 mg. per cent of glucose; gas phase, 95 per cent 02-5 
per cent CO. The lipoprotein was prepared by flotation (see the text) and diluted 
with the medium to the volume of the plasma from which it had been obtained. 
Insulin, when present, was 0.1 unit per ml. 


| 
| 
} 





|Radioactivity incorporated, c.p.m. per mg. cuprous 


| 
| | glutathione 
Experiment No. | ig liver | Condition of donor rats y 
| 
| 


No lipoprotein | Lipoprotein Lipoprotein 
in medium in medium and insulin 


| in medium 
[oh hk As eae wes ro 

1 0.25 Fasted 874 52 

2 0.25 “ | 461 282 

3 | 0.25 “ 448 296 354 

4 | 0.50 “ 984 690 862 

5 0.50 “ 1200 687 948 

6 0.50 


Fed 1790 1860 





case of muscle, the inhibition and its release by insulin appear to be at the 
level of the hexokinase system. 


SUMMARY 


1. Lipoprotein fractions obtained from serum of diabetic rats by a flota- 
tion procedure or by fractionation with alcohol produced, in vitro, an 
insulin-reversible inhibition of the glucose uptake by diaphragm. The 
inhibitor was associated with the 6,-lipoprotein fraction and was inacti- 
vated by freezing or by standing in an ice bath. The serum of diabetic 
rats after removal of the lipoproteins by flotation was not inhibitory. 

2. Normal rat or human serum and serum from hypophysectomized 
diabetic rats did not yield an inhibitory lipoprotein fraction. 

3. An inhibitory lipoprotein fraction was obtained from the blood of a 
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human subject during hypoglycemia induced by the injection of a large 
dose of insulin. 

4. Glutathione synthesis in liver slices from fasted rats, incubated in a 
medium containing glucose, was inhibited by a lipoprotein fraction obtained 
from serum of diabetic rats, and the inhibition was partially reversed by 
addition of insulin. The same fractions did not inhibit glutathione syn- 
thesis in liver slices from fed rats. This appears to localize the insulin- 
reversible inhibition at the level of the hexokinase system. 
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STUDIES OF ANTIMETABOLITES 
IV. THE METABOLISM OF 3-ACETYLPYRIDINE IN VITRO 


By W. T. BEHER, 8. P. MARFEY, W. L. ANTHONY, anv O. H. GAEBLER 


(From the Edsel B. Ford Institute for Medical Research, Henry Ford Hospital, 
Detroit, Michigan) 


(Received for publication, June 15, 1953) 


Recent investigations (1-3) have indicated that 3-acetylpyridine (3-AP) 
is metabolized in the adult bitch to nicotinamide, N'-methylnicotinamide, 
and nicotinic acid. Increases in urinary glucuronic acid excretion sug- 
gested the possible formation of methyl-8-pyridylcarbinol. These studies, 
however, gave no indication as to the site of metabolism. By means of 
experiments in vilro, we have extended these investigations to determine 
which tissues are involved in the detoxication. Inhibition studies were 


included to provide evidence concerning the nature of the enzymes in- 
volved. 


Methods and Materials 


The animals used in all experiments were adult bitches apparently in 
good health. They were maintained on the completely supplemented 
modified Goldberger diet previously described (1). The animals were sac- 
rificed by the intravenous injection of saturated potassium chloride solu- 
tion. Small sections of the organs to be studied were removed rapidly and 
transferred to Ringer’s solution at 0°. Tissue slices were prepared accord- 
ing to Deutsch (4). Weighed amounts of the slices were transferred to 
Warburg vessels containing Ringer’s bicarbonate solution (5). Two ves- 
sels were required in each case, a blank containing Ringer’s bicarbonate 
solution and 1 gm. of tissue slices, and a test vessel containing Ringer’s 
bicarbonate solution, approximately 1200 mg. of 3-AP, and 1 gm. of 
tissue slices. In experiments on enzyme inhibition, solutions of potassium 
cyanide or iodoacetic acid dissolved in Ringer’s solution were added to 
both vessels. In each case the contents of the flasks were diluted to 10 ml. 
with Ringer’s solution. 

All flasks were incubated at 37° with constant agitation. Samples were 
removed at various time intervals, the proteins precipitated with perchloric 
acid, and the resulting suspension filtered three times through Whatman 
No. 50 filter paper. The filtrates were assayed for 3-AP by adjusting to 
pH 10 by means of sodium hydroxide, adding sodium sulfate as a salting- 
out agent, and extracting with ether. The sodium sulfate diminishes the 
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solubility of 3-AP in the aqueous phase. The ultraviolet absorption of 
the ether solution was determined at 227 mu. Homogenates were pre- 
pared according to Potter and Elvehjem (6), and were analyzed for 3-AP 
as described above. Whole blood plasma was assayed for 3-AP in the 
same manner. N'-Methylnicotinamide was determined by the method 
of Huff and Perlzweig (7). In experiments in vivo 3-AP was administered 
in 0.9 per cent saline, intravenously, sulfathalidine was administered orally. 
3-AP was purified by vacuum distillation prior to administration. 


TABLE | 
Influence of Sulfathalidine on Metabolism of 3-Acetylpyridine 





























Days of experiment Weight N\-Methylnicotinamide | 3-Acetylpyridine | Sulfathalidine 
Dog 57 
| kg. mg. per day | em. per day | gm. per day : 
1-10 | eee ee | oO 
11 14.0 27.4 0.54 0 
12 13.9 | 53.2 0 0 
13 | 13.9 12.7 | 0 0 
Dog 57 
1 14.2 10.3 0 0 
2 14.2 13.3 0 0 
3 14.2 10.0 0 0.5 
4 14.3 11.3 0 0.5 
5 14.4 14.4 0 0.5 
6 14.3 58.4 0.54 0.5 
7 14.2 50.6 0 | 0.5 
8-13 14.2 8.4 (+1.7) 0 | 0 
Results 


The first experiments were designed to indicate to some extent the réle 
of intestinal bacteria in the metabolism of 3-AP. An examination of the 
data presented in Table I reveals little difference between the urinary ex- 
cretion of N'-methylnicotinamide in the animals treated with sulfathalidine 
and the controls; therefore, the intestinal bacteria affected by sulfathalidine 
were not involved in the metabolism of this substance. This possibility 
being eliminated, the rate of disappearance of intravenously administered 
3-AP was determined. As is shown in Fig. 1, the compound was rapidly 
removed from the blood during the first 30 minutes, which probably 
represents the distribution period; the concentration then remained con- 
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Fic. 1. The disappearance of intravenously injected 3-AP from canine blood 
plasma in vivo. 

Fig. 2. The rate of disappearance of 3-AP when incubated with various tissues: 
(O) liver slices; (@) kidney slices; (®) whole blood; (X) plasma; (™) muscle slices. 
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Fig. 3. The effect of 2 X 10-? m CN~ on the rate of disappearance of 3-AP when 
incubated with various tissues: (©) liver slices; (™) liver slices plus 2 X 10-*m CN-; 
(@) kidney slices; (@) kidney slices plus 2 X 10-* m CN-. 

Fig. 4. The effect of 2 X 10-? m ICH,COO~ on the rate of disappearance of 3-AP 
when incubated with various tissues: (O) liver slices; (@) kidney slices; (®) liver 
slices plus 2 X 10-? m ICH,COO~; (™) kidney slices plus 2 X 10-* m ICH.COO-. 
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stant for the next 4 hours. After 24 hours, no 3-AP could be detected in 
the blood. 

The results of experiments in vitro are recorded in Figs. 2,3, and 4. In 
Fig. 2 it can be seen that, while whole blood metabolized 3-AP, plasma 
alone had no effect. Thus the blood cells were able to metabolize this 
substance. Fig. 2 also presents the data obtained with kidney, liver, 
and muscle slices. While detoxication proceeds rapidly in kidney and 
liver, it apparently does not proceed at all in muscle. Homogenates of 
the slices were made at the end of each experiment and residual 3-AP 
determined. Liver and kidney contained no residual 3-AP, while muscle 
slices contained significant, although lower, concentrations than the aque- 
ous phase. Thus it is indicated that muscle slices were unable to metabo- 
lize 3-AP, although it entered this tissue freely. It is possible, however, 
that 3-AP only entered the extracellular fluid of muscle and failed to pass 
into the cells. Liver, kidney, and muscle homogenates failed to metabolize 
the compound. In Figs. 3 and 4 the results of the inhibition studies are 
presented. The time lag in each case is unexplained, but is probably due to 
the diffusion rate of cyanide or iodoacetate ions through the cell walls. It 
is to be noted that both 2 X 10-* m cyanide and 2 X 10- Mm iodoacetate 
ions inhibited the metabolism of 3-AP in kidney. In the case of liver, while 
iodoacetate inhibited the reaction, cyanide had little effect. 


DISCUSSION 


3-AP is determined by means of its absorption maximum at 227 mu. 
It has been shown by a study of a number of compounds of similar struc- 
ture' that this maximum is due to the presence of the carbonyl group. 
Either oxidation to nicotinic acid or reduction to methyl-8-pyridylcarbinol 
results in elimination of the maximum. [If the results of the experiments 
in vivo (8) are considered together with the investigations in vitro, it is 
apparent that oxidation is a very important pathway in the detoxication 
of 3-AP. Reduction is also possible, but is retarded by the comparatively 
slow coupling of methyl-8-pyridylcarbinol with glucuronic acid. It is also 
interesting to note that the liver, in which coenzyme I and II contents are 
adversely affected by nicotinic acid deficiencies (8), is responsible for the 
major part of 3-AP detoxication. Therefore nicotinic acid-depleted ani- 
mals would be expected to metabolize this substance at a retarded rate. 
3-AP in amounts in excess of 0.1 gm. per kilo is very toxic in the normal 
adult: bitch. Animals in nicotinic acid deficiency will tolerate only a 
fraction of this concentration. It is therefore reasonable to assume that 
this difference in toxicity is related to the detoxication rate and to coen- 
zyme I and II concentration. The inhibition studies lend support to these 


1 Beher, W. T., unpublished results. 
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concepts. Further experiments are contemplated to test this hypothesis. 

It is of interest that prevention of blacktongue in dogs receiving a niacin- 
deficient diet has been accomplished by feeding 60 mg. of 3-AP per day (9). 
Data in the preceding paper (3) indicate that 20 to 30 per cent of ad- 
ministered 3-AP is converted to N'-methylnicotinamide and nicotinic acid. 
Thus 60 mg. of 3-AP should yield at least 12 mg. of nicotinic acid and its 
biologically active derivative, an amount in excess of the daily requirement 
of the dog. 


SUMMARY 


1. The metabolism of 3-acetylpyridine (3-AP) in the dog is not altered 
by feeding sulfathalidine. 

2. Canine blood cells metabolized 3-AP, while blood plasma was inactive. 

3. Canine liver and kidney slices rapidly metabolized 3-AP; muscle 
slices were inactive. 

4. Homogenates of canine liver and kidney did not metabolize 3-AP. 

5. The metabolism of 3-AP by canine liver and kidney slices was in- 
hibited by 2 X 10-* m iodoacetic acid. 2 X 10-* mM cyanide did not inhibit 
the metabolism of this substance in liver but was effective in kidney. 
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LACTOSE SYNTHESIS IN MAMMARY GLAND 
PREPARATIONS* 


By G. W. KITTINGER anp F. J. REITHEL 
(From the Department of Chemistry, University of Oregon, Eugene, Oregon) 


(Received for publication, April 13, 1953) 


In a previous paper (1) it was shown that lactose synthesis can be dem- 
onstrated in mammary gland homogenates. Since glycogen and glucose- 
1-phosphate, in addition to glucose, appeared to be sources of lactose car- 
bon under anaerobic conditions, it appeared likely that (a) the entire 
glycolytic system was not required for an actively synthesizing system 
and (b) the immediate precursor of lactose was a glycolytic intermediate 
formed during the conversion of glucose to glycogen. In order to evaluate 
the assumptions above, it was first necessary to estimate the glycolytic 
activity of homogenate systems with a known potential for synthesis, 
and then to obtain a preparation which retained this potential but lacked 
some of the glycolytic enzymes. The latter goal was attained with a sol- 
uble protein preparation from centrifuged mammary homogenates. 


Materials and Methods 


All tissue used in this investigation was taken from lactating guinea 
pigs 5 days post partum. Homogenates were prepared with a Potter- 
Elvehjem glass homogenizer. Unless otherwise specified, the homogeniz- 
ing solution was prepared by dissolving 4.62 gm. of KCl and 1.67 gm. of 
MgCl,-6H,0 in 100 ml. of distilled water. 

The protein fraction used was prepared as follows: Lactating glands 
were minced in a Latapie mincer precooled to 0°. The flushing fluid was 
0.2 m potassium citrate adjusted to pH 7.3. Sufficient fluid was used to 
obtain a final tissue concentration of 10 per cent. The tissue was ex- 
tracted with gentle agitation for 5 minutes and centrifuged at 1500 x g 
for 10 minutes at 0°. To the extract, filtered through glass wool to re- 
move fat particles, were added 1.5 ml. of 50 per cent ethanol per ml. of 
extract. The alcohol was precooled to —5° and was added at the rate 
of 20 ml. per minute, with gentle but efficient stirring. 15 minutes after 
the alcohol had been added, the precipitated protein was collected by 
centrifuging at —5° for 25 minutes at 2000 X g. The protein residue was 
suspended in a minimal volume of 0.02 m potassium citrate, transferred 


* Various parts of this investigation were aided by contract No. N6-onr-218 with 
the Office of Naval Research, contract No. AT(45-1)-507 with the Atomic Energy 
Commission, and a grant from the United States Public Health Service. 
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to an appropriate flask, and lyophilized. Such preparations were usually 
completely soluble in water. 

Carrier isolation of labeled lactose was carried out as follows: To the 
deproteinized incubation filtrates, or suitable aliquots thereof, was added 
carrier lactose. The solutions were deionized with Amberlite XE-81! 
After deionization and evaporation of the solution to dryness, sufficient 
60 per cent ethanol was added to bring the residue into solution on the 
steam cone. 5 volumes of absolute alcohol were added and the solution 
was allowed to crystallize at room temperature. In all experiments con- 
trols containing the radioactive substrate were included so that there would 
be an adequate check on technique. Conditions for carrier crystallization 
were such that lactose isolated from such controls retained no C“. All 
values of radioactivity reported for lactose samples represent a constant 
value obtained in three successive recrystallizations. In some cases as 
many as ten recrystallizations were required. The counting procedure 
was that described previously (1). A Tracerlab windowless counter was 
used. 

With the authorization of the Atomic Energy Commission, uniformly 
labeled glucose-C* and BaC“O; were obtained from Oak Ridge, Tennessee. 
Radioactive starch was prepared from canteloup leaves (2). Potassium 
glucose-C-1-phosphate was prepared by an adaptation of the method of 
McCready and Hassid (3). 

Lactic acid (4), pyruvic acid (5), fructose (6), glucose-6-phosphate (7), 
and glycogen (8) were determined by the methods cited. 

Lactose Synthesis in Homogenates—Results presented previously (1) in- 
dicated no lactose formation from glucose in the absence of adenosine- 
triphosphate as adjudged from chromatographic evidence. Several check 
experiments were carried out, with glucose-C“ as the substrate, in which 
the lactose formed was isolated by carrier crystallization. The necessity 
of added adenosinetriphosphate was confirmed. In order to compare the 
labeling of the lactose with that obtained in experiment in vivo (9), the 
following experiment was carried out. 

Lactose (37 c.p.m. per mg.) obtained from an incubation mixture such 
as that described previously (1) was hydrolyzed by heating with n H.SQ, 
for 2.5 hours at 100°. The hydrolysate was neutralized with BaCO, and 
diluted to a volume such that 1.0 ml. contained the sugars from 3.0 mg. 
of lactose. 

Into the body-of a Warburg flask were pipetted 1.0 ml. of the hydroly- 
sate, 1.0 ml. of 0.15 m monosodium succinate, and 0.5 ml. of 6 X 10 *M 
sodium azide, and into the center well 0.3 ml. of 6 N sodium hydroxide. 
Into the side arm was pipetted 0.5 ml. of a suspension of well washed 
Saccharomyces bayanus, 100 mg. per ml. After equilibration in nitrogen 


1 Obtained from the Fisher Scientific Company. 
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the flasks were tipped and fermentation of glucose was allowed to proceed 
to completion. The alkali was transferred quantitatively to a flask con- 
taining 0.1 m.eq. of sodium carbonate. After recharging the center well 
with alkali and the side arm with a suspension of Saccharomyces carlsber- 
gensis, the galactose was fermented in a similar manner. In the presence 
of azide one obtains nearly stoichiometric yields of CO, from glucose fer- 
mentation. If all of the CO: liberated arose from carbons 3 and 4 of the 
hexose without dilution, the resultant BaCO; would have had a total ac- 
tivity of 37 c.p.m. Experimentally, a total of 12 c.p.m. was recovered. 
The barium carbonate resulting from the glucose fermentation had a total 


TaBLeE I 
Rates of Lactose Synthesis in Homogenates 
When glucose was used as a substrate, the incubation mixtures contained homog- 
enate, 2.5 per cent; KCl, 0.087 m; MgCl., 0.0065 m; phosphate buffer, 0.04 m, pH 
7.2; sodium salt of adenosinetriphosphate, 0.005 m. When starch was used, the last 
item was omitted. Total volume, 2.4 ml. The incubation conditions were 37° for 1 
hour in nitrogen. 




















| | +s Lactose 
. : Total activity * Calculated 
Substrate weed \Specific activity) Total c.p.m. io tact synthesized oye 
a of substrate added ‘ae |. — oputhess 
| mg. lactose 
C.p.m. per mg. } C.p.m. | mg. fresh ins 
| | per hr. 
Glucose-C™............. 1.4 X 10¢ | 6.7 X 10? | 810 | 0.055 | 0.9 
Gi csxkehacteeen 1.8 X 104 | 3.6 X 104 1130 | 0.064 1.1 
Pe saeeeeseewmes 8.3 X 10? | 1.8 X 105 850* | 0.10 0.33 
StarehoO ... oc cccccccees 3.0 X 105 | 9.0 X 105 | 9.6 X 104 | 0.32 1.0 
6 eeeseseseeeee] 726% 106 | 9.9 X 105 | 7.6 X 10 | 0.01 0.17 





* Sample used in labeling experiment cited. 


activity of 5.1 + 2.0 c.p.m., that from the galactose 6.7 + 2.0 c.p.m. 
Although the precision of such data is poor, similar determinations of a 
sample of symmetrically labeled lactose synthesized in vivo? yielded similar 
results. Therefore it was concluded that both the glucose and galactose 
moieties of the lactose synthesized in our system were equally labeled with 
c™. 

Although previous work indicated glycogen to be a better substrate for 
lactose formation than was glucose, certain difficulties were inherent in 
the analytical methods used (1) and it seemed desirable to employ C'- 
labeled substrates. Owing to the difficulty of obtaining glycogen-C™ with 
a high specific activity, starch-C“ was employed. 

A comparison of lactose synthesis from glucose and from starch may 


? Kindly furnished by Dr. Max Kleiber, University of California, Davis. 
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be found in Table I. Although only a small fraction of the substrate was 
converted to lactose, the rates observed are comparable to those of Mal- 
press and Morrison (10) who obtained with mammary slices rates of 1 to 
10 mg. per gm. of dry weight per hour. From the data given by Nelson 
et al. (11) it may be estimated that the intact lactating gland of the guinea 
pig forms lactose at a rate of about 2 mg. per gm. of wet weight per hour. 

Glycolysis in Mammary Homogenates—In a study of glycolysis in mam- 
mary gland, Terner (12) has found low hexokinase activity and the pres- 
ence of an enzyme which destroys diphosphopyridine nucleotide. These 


TaBLeE II 
Glycogen Levels and Glycogen Synthesis in Mammary Homogenates 
The incubation mixtures contained 7 X 107? m glucose, 7 X 10-? m adenosinetri- 
phosphate, 0.013 m KHCOs;, 0.067 m KCl, 0.0065 m MgCle, and 16 per cent tissue. 
Total volume, 18.8 ml. Samples incubated for 2 hours at 37° in 95 per cent Ne-5 
per cent COs, pH 7.2. 














Glycogen per 100 gm. tissue, dry weight 
Days post partum Condition* 
Initial After incubation 

mg. mg. 
5 A 16 47 
5 - 60 120 
7 B 115 16 
7 ag 136 18 
7 si 30 30 
8 Cc 1110 380 
8 - 410 90 
8 = 22 17 

















* Condition A denotes use of a well suckled gland immediately after removal of 
the young; Condition B indicates gland used 48 hours after removal of the young; 
Condition C indicates gland used 72 hours after removal of the young. 


findings have been confirmed in this laboratory. Attempts to increase the 
rate of lactose synthesis by adding hexokinase or coenzyme I to the incuba- 
tion mixtures met with no success. In order to determine the ability of 
mammary homogenates to convert glucose to glycogen, the several experi- 
ments reported in Table II were performed. These data indicate that 
glycogenesis could be demonstrated in the lactating, but not in the regres- 
sive, gland. Similar results were obtained when glucose-1-phosphate was 
used as the substrate. 

In contrast, it has not been possible to show the glycolysis of glucose to 
lactic acid in the absence of appreciable amounts of fructose diphosphate. 
This behavior is similar to that observed for liver and kidney by Vestling 
et al. (13) and LePage (14). 
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Lactose Synthesis by Protein Preparations—That lactose synthesis could 
be mediated by the crude protein fractions prepared from mammary ho- 
mogenates is indicated by the data in Table III. Incubation with labeled 
starch consistently resulted in lactose formation, but it was not possible 
to obtain synthesis with glucose-C™ as a substrate. It will be noted that 
glucose-C-1-phosphate acted as a precursor only in the presence of glyco- 
gen. 

Glycolytic Behavior of Protein Preparations—Hexokinase activity ap- 
peared to exist in the crude protein fractions used, since both glucose and 
fructose disapperared when incubated with the protein in the presence of 


TaBLeE III 
Synthesis of Lactose by Mammary Protein 
Each incubation mixture contained 1 mg. of protein nitrogen in a total volume 
of 2.4 ml. Substrates were added in the following amounts: glucose-C"-1-phos- 
phate, 1.35 mg.; starch-C*: Experiment B, 1.97 mg.; Experiment C, 0.89 mg.; glyco- 
gen, 1 mg.; glucose-1-phosphate, 5.2 mg. 








Total | Weight of 
Experiment Total activity | activity of ed 
No. Substrate added atiel Seohine substrate 
isolated | fonverted 
C.p.m. C.p.m. mg. 
A Glucose-C'4-1-PO, 7 X 10° 0 0 
so a + glycogen 7 X 103 245 0.025T 
B Starch-C# 1.0 X 10° 5400 0.01 
- ” + glucose-1-PO, 1.0 X 108 3400 0.0065 
Cc Starch-C™ 3.6 X 105 7400 0.018 

















, Total activity of lactose 


— . of labeled gl ivalent. 
Total activity added X mg. of labeled glucose equivalen 


t Actual weight of lactose, 0.05 mg. 





adenosinetriphosphate. Incubation with hexose diphosphate resulted in 
disappearance of substrate, but very little formation of lactic or pyruvic 
acid. Glucose-6-phosphate was converted in part to fructose phosphate. 
Very little phosphoglucomutase activity was found. When glucose-1-phos- 
phate was incubated with the protein in the absence of glycogen, it re- 
mained essentially unchanged. In the presence of primer amounts of gly- 
cogen, there was a conversion of glucose-1-phosphate to glycogen, with a 
concomitant liberation of inorganic phosphate. 


DISCUSSION 


The results reported in this paper as well as those obtained by others 
(15-17) do not support a mechanism by which the galactose moiety of 
lactose arises from trioses. Further, the demonstration of lactose synthesis 
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from polysaccharide and glucose-1-phosphate seems to indicate that they 
are the precursors of lactose, since the protein fraction used was not able 
to effect the conversion of either substrate to pyruvic or lactic acid. 

That both glycogen and glucose-1-phosphate are involved in the syn- 
thetic process is suggested by Experiments A and B of Table III. In 
Experiment A it is clear that glycogen acted as a cosubstrate or cofactor. 
In Experiment B the lactose samples obtained were hydrolyzed and fer- 
mented with yeast. In the sample in which starch alone was the substrate, 
a non-fermentable sugar which had the R, of galactose on a paper chromat- 
ogram remained and was radioactive. In the sample containing glucose- 
1-phosphate in addition to the starch, the sugar remaining after fermen- 
tation was not radioactive. These preliminary results have led to the 
working hypothesis that the galactose moiety of lactose arises from glu- 
cose-1-phosphate and the glucose moiety from glycogen. Further experi- 
ments on this point are in progress. Evidence of unsymmetrical labeling 
of lactose has been obtained by others (18). 

Aside from the mechanism involved, it is obvious that a soluble protein 
may be obtained from mammary gland that will mediate lactose synthesis 
in the absence of added magnesium and phosphate ions and in the absence 
of added adenosinetriphosphate. It seems unlikely that starch or glycogen 
serves only as a source of glucose, since glucose is not converted to lactose 
by these preparations. Since glucosidic compounds such as starch or glu- 
cose-1-phosphate are satisfactory substrates, it seems likely that a trans- 
glucosidation is involved. The rates of synthesis observed are not as high 
as might be anticipated, and this may be due to the lack of a coenzyme or 
the partial inactivation of the enzymes involved. 


We are indebted to S. M. Sherman, Annette Baich, and D. C. Gatewood 
for valuable assistance. 


SUMMARY 


1. A soluble protein has been obtained from lactating mammary gland 
of guinea pigs which will catalyze the synthesis of lactose from glucose-1- 
phosphate and starch. 

2. Starch-C"“, when incubated with mammary gland homogenates, was 
converted in part to lactose-C™ in the absence of added adenosinetriphos- 
phate. 

3. The glycolytic behavior of mammary homogenates, and of a protein 
preparation derived therefrom, was studied. 
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COMPETITION AMONG TRYPSIN INHIBITORS 


By N. MICHAEL GREEN* 


(From the Department of Biochemistry, University of Washington, Seattle, 
Washington) 


(Received for publication, June 27, 1953) 


The experiments presented in this paper were designed to elucidate the 
kinetics of action of three protein inhibitors (from pancreas, soy bean, and 
egg white) on trypsin, and to discover how the inhibition by these sub- 
stances was related to the action of diisopropyl fluorophosphate (DFP), 
mercuric chloride, and calcium salts on trypsin. 

The most detailed work on the protein inhibitors of trypsin has been 
carried out by Fraenkel-Conrat et al. (1, 2), who investigated the effect of 
chemical modification of the inhibitor and of trypsin on the combination 
between the two. They found, for instance, that, although amino groups 
of trypsin could be largely acetylated (70 per cent) without destruction of 
the enzyme activity, such acetylation greatly reduced the inhibition of 
trypsin by ovomucoid (the inhibitor from egg white). This was in agree- 
ment with their limited kinetic data (1), which showed that the inhibition 
was non-competitive. In addition, Borchers, Ackerson, and Sandstedt (3) 
had suggested that the inhibition by the soy bean inhibitor was non-compe- 
titive, and Green and Work (4) had found the same for the pancreatic 
inhibitor of Kunitz and Northrop. However, it was pointed out (4) that 
the Michaelis constant (about 10-? m) of the protein substrates used in all 
these investigations was so much larger than the dissociation constants of 
the inhibitor-trypsin compounds (about 10-'° m) that competitive inhibi- 
tion could not have been demonstrated by the methods used. In the 
present work benzoy]-L-arginine ethyl ester (BAEE) has been used as sub- 
strate throughout, since its low Michaelis constant (about 10-° m) (5) makes 
it particularly suitable for investigating competition effects. 

It was shown in a preceding paper (6) that 0.01 m Cat** produced a 25 
per cent increase in the activity of trypsin towards synthetic substrates 
and this was interpreted in terms of an equilibrium between active and 
inactive trypsin that was shifted by Ca**. It was therefore of interest to 
investigate the action of Ca** on trypsin in the presence of the protein 
inhibitors. The interactions between the protein inhibitors and diisopropyl 
fluorophosphate have also been studied, since recognition of the irreversible 
combination of DFP with the active center of trypsin (7) can be used to 


* Postgraduate Travelling Student, London University, 1951-52. Present ad- 
dress, Department of Biochemistry, University of Sheffield, Sheffield, England. 
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determine whether the protein inhibitors also combine at this site. Pre- 
liminary results of these experiments have already been published (8), 
The inhibition by mercuric chloride, also discussed in the preceding paper 
(6), has been further investigated here, in relation to the above inhibitors, 


EXPERIMENTAL 
Materials and Methods 


Twice crystallized trypsin was a commercial sample from the Worth- 
ington Biochemical Laboratory, Freehold, New Jersey. It was dialyzed 
against 0.001 n hydrochloric acid until salt-free and then lyophilized. 

The pancreatic trypsin inhibitor and the inhibitor-trypsin compound 
were prepared by Green and Work (9). The twice recrystallized inhibitor 
sample was that described as preparation (i). It had been dialyzed against 
distilled water until salt-free and then lyophilized. The inhibitor-trypsin 
compound had been recrystallized three times and was used as a dried filter 
cake containing magnesium sulfate. 

The soy bean trypsin inhibitor was a salt-free preparation obtained 
through the courtesy of Dr. M. Kunitz. 

Ovomucoid was prepared from egg white according to the method of 
Lineweaver and Murray (10). 

Diisopropy! fluorophosphate was used as a 0.02 m aqueous solution 
freshly prepared from the pure liquid. The latter was obtained from 
Merck and Company, Inc., through the courtesy of Dr. R. T. Major. 

DFP trypsin was prepared by Mr. E. W. Davie according to the method 
of Cunningham et al. (8). 

Benzoy]-L-arginine ethyl] ester hydrochloride was prepared according to 
a method previously published (5, 11). 

Protein concentration was determined from optical density measure- 
ments at 280 my. The conversion factors used to obtain protein concen- 
trations (mg. per ml.) from the optical density were as follows: trypsin, 
0.69 (6); pancreatic inhibitor, 1.22 (9), which compares favorably with the 
value of 1.26 given by Laskowski et al. (12); soy bean trypsin inhibitor, 
1.18 (13); pancreatic inhibitor-trypsin compounds, 1.30 (calculated from 
the factors for the components and the amount of inhibitor equivalent to 
1 mg. of trypsin). The concentration of ovomucoid was determined by 
direct weighing of an acetone-washed sample. 

Trypsin activities were determined by the esterase method of Schwert, 
Neurath, Kaufman, and Snoke (14), as described in the preceding paper 
(6). For rate measurements in the presence of one of the protein inhibi- 
tors, trypsin and the inhibitor were incubated together in the presence of 
0.01 m Cat prior to the addition of substrate (BAEE). The time of in- 
cubation was immaterial for soy bean inhibitor and for ovomucoid (inter- 
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vals of less than 5 seconds were not tested), but for the pancreatic inhibitor 
3 minutes were allowed to pass before the addition of BAEE (4). Varia- 
tions of the method were used in different experiments and will be described 
in connection with the particular experiment. 

The rate of the reaction between DFP and trypsin was measured by two 
slightly differing methods. When the rate was slow, by virtue of low 
DFP concentration, samples of the reaction mixture were removed at inter- 
vals and added to the usual 10 ml. assay system (6). When the reaction 
was too rapid for accurate sampling, DFP and trypsin were allowed to 
react in the vessel to be used for the trypsin assay, and BAEE was then 
added after measured time intervals. 

In the assay, in which rapid and accurate pipetting was necessary, blow- 
out pipettes were used, constructed on the same principle as the micro 
pipettes of Linderstrgm-Lang and Holter (15). 

Sedimentation Measurements—Samples of the dialyzed, lyophilized pro- 
tein were dissolved in 0.1 m tris(hydroxymethyl)aminomethane-HCl buf- 
fer, pH 7.8, containing 0.15 m NaCl, and the sedimentation constant de- 
termined in a Spinco model E analytical ultracentrifuge (59,780 r.p.m., 
24° + 0.5°). 


Results 


Comparison of Protein Inhibitors—Fig. 1 shows the inhibition of trypsin 
by the pancreatic and soy bean inhibitors and by ovomucoid, at substrate 
concentrations of 0.005 and 0.05 m. It will be seen that the 10-fold change 
in substrate concentration had no effect on the observed inhibition. The 
amounts of the different inhibitors required to inactivate 1 mg. of trypsin 
are given by the abscissa intercepts. The corresponding values for the 
soy bean (0.76) and pancreatic (0.27) inhibitors are appreciably lower than 
those found by Laskowski et al. (12) using a casein substrate; 7.e., 1.0 and 
0.48, respectively. Using hemoglobin as substrate, Green and Work (4) 
found 0.8 for the soy bean inhibitor and 0.4 for the pancreatic inhibitor.' 

Since ovomucoid is not a homogeneous preparation (17), the extrapolated 
value of 1.34 is of limited significance. The ratio, (mg. of ovomucoid)/(mg. 
of soy bean inhibitor) = 1.77, is higher than that given by Fraenkel-Conrat 
etal. (2), i.e., 1.54. However, the ratio, (mg. of pancreatic inhibitor) / (mg. 
of soy bean inhibitor) = 0.35, is very close to that found by the same 
authors for (mg. of Lima bean inhibitor)/(mg. of soy bean inhibitor) = 
0.36. This comparison seems justified since the pancreatic and the Lima 


1 The following abbreviations are used: T = trypsin, I = inhibitor, IT = inhibitor- 
trypsin compound, S = substrate, TS = trypsin-substrate compound. K, = Mi- 
chaelis constant of trypsin with a given substrate (moles per liter); K; = dissociation 
constant of an inhibitor-trypsin compound (moles per liter); ko = moles of BAEE 
hydrolyzed per liter per minute per mg. of trypsin N per ml. 
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bean inhibitors have similar molecular weights of about 10,000 as deter- 
mined by osmotic pressure measurements (2, 9).? 

The departure from stoichiometric inhibition in the neighborhood of the 
equivalence point indicates dissociation of all three inhibitor-trypsin com- 











o.|h[€e 
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2 4 6 8 10 1.2 14 6 18 2.0 


mg. INHIBITOR PER mg. TRYPSIN 


Fig. 1. Effect of inhibitor concentration on trypsin activity, at different substrate 
concentrations. Each point was determined from the slope of an esterase run in 
0.01 m borate buffer + 0.01 m CaCl.. [Trypsin] = 0.72 um. O, @, pancreatic in- 
hibitor; A, A, soy bean inhibitor; O, @, ovomucoid. Open symbols, 0.005 m BAEE; 
filled symbols, 0.05 m BAEE. The continuous curves were calculated from the ex- 
pression, ky = a + +/ a2 — Kil, wherea = 3(T—I—K;,) (ef. (16)). I and T represent 
total inhibitor and trypsin concentrations. The values of I, T, and K; have been 
multiplied by a factor to bring them to the same units as ko. 


plexes. The dissociation constants calculated from the trypsin activity in 
the presence of 1 equivalent of inhibitor were as follows: pancreatic in- 
hibitor, 2 X 10-'° M; soy bean inhibitor, 2 X 10-'° mM; ovomucoid, 5 x 10° 


2 However, on the basis of a molecular weight of 24,000 for trypsin (8), the value 
of (mg. of pancreatic inhibitor) /(mg. of trypsin) = 0.27 is more nearly in accord with 
a molecular weight of 6000 for the inhibitor, as found by Kunitz and Northrop (18), 
than with the value of 9500 given by Green and Work (9). 
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mM. The figures for the soy bean and pancreatic inhibitors are only ap- 
proximate, since they were calculated from measurements of very low 
reaction velocities. The experimental points for ovomucoid deviate ap- 
preciably from the theoretical curve when more than 1 equivalent of in- 
hibitor is present. The assumption of a simple equilibrium which will be 
used in further discussion may, therefore, be inadequate. Since substrate 
concentration does not affect the amount of free trypsin present at equiv- 
alence, substrate does not enter into the equilibrium that is being measured. 
These constants, therefore, describe the equilibria 


T+1=I1T 


Similar values were obtained by Grob (19) for the dissociation constants 
of the pancreatic inhibitor (8 X 10-'° m) and ovomucoid (1.1 & 10-% m) 
using a casein substrate, and by Green and Work (4) for the pancreatic 
inhibitor (3 X 10-'° mM) using a hemoglobin substrate. (These figures have 
all been recalculated for a molecular weight of trypsin of 24,000.) The 
facts that the Michaelis constants for these substrates are much higher than 
that for BAEE and that the measured inhibitor-trypsin dissociation con- 
stants are independent of the nature of the substrate provide further con- 
firmation that substrate does not enter into the equilibrium during the 
measurements. 

Effect of Ca** on Inhibition—Fig. 2 shows the effect of 0.01 m Ca** on 
the reaction between trypsin and pancreatic and soy bean inhibitors under 
conditions similar to those shown in Fig. 1. Esterase determinations in 
the absence of Ca** were carried out in 0.01 m phosphate buffer rather than 
in borate buffer, since the reproducibility was better, owing possibly to 
binding of traces of Ca*+* by phosphate. It will be seen that the equiva- 
lence point is approximately the same regardless of the presence of Cat* 
and that the linear relation between activity remaining and inhibitor added 
is not disturbed. There are two possible interpretations of these results. 
(1) Either the inhibitor combined with the inactive trypsin to the same 
extent as with the active trypsin (see Green and Neurath (6) for a dis- 
cussion of active and inactive trypsin) or (2), if the inhibitor combines only 
with the active trypsin, then the active and inactive forms must be in equi- 
librium with each other and the combination of the inhibitor with the 
active form must displace the equilibrium. A third interpretation, which 
assumes that Ca*+ increases the activity of each trypsin molecule and does 
not affect the number of active molecules, would also explain these results, 
but would not be in accordance with the results of Bier and Nord (20) and 
of Gorini (21) on the effect of calcium on the stability of trypsin. The 
second interpretation given above is supported by an experiment to be 
described later, which shows that these inhibitors do not combine with the 
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inactive form of trypsin. Assuming this interpretation as the most likely 
one, it is worth noting that, while both calcium and the soy bean and pan- 
creatic inhibitors shift the equilibrium between the two forms of trypsin, 
the substrate does not have any effect. 
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Fig. 2. Effect of 0.01 m CaCl, on the inhibition of trypsin by pancreatic and soy 
bean inhibitors. The points in the presence of CaClz were determined as for Fig. 
1; those in the absence of CaClz were determined in 0.01 m phosphate buffer, pH 7.8. 
[BAEE] = 0.005 m; [T] = 0.72 um. O, @, pancreatic inhibitor; O, @, soy bean 
inhibitor. Open symbols, no CaCl; filled symbols, 0.01 m CaCle. 


Order of Addition of Components—The most direct way to test the effect 
of substrate on the inhibitor-trypsin combination is to allow trypsin and 
substrate to combine before addition of the inhibitor, a reversal of the 
usual procedure, in which inhibitor and trypsin are allowed to react first. 

The results of such experiments, in which equivalent concentrations of 
trypsin and the pancreatic, soy bean, and ovomucoid inhibitors, respec- 
tively, were employed, are shown in Fig. 3. In the absence of inhibitor 
the usual zero order rate law was obeyed, as indicated by the straight line. 
The initial slopes of the other three curves were close to this line, but all 
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decreased with time until the substrate was exhausted, indicating a slow 
displacement of the substrate by the inhibitor. The displacement by the 
pancreatic inhibitor was the slowest, as would be expected from the slow 
rate of reaction of this inhibitor with trypsin in the absence of substrate 
(4, 18). The displacement by ovomucoid was slower than that by the 
soy bean inhibitor, in agreement with the higher affinity of the latter for 
trypsin. In view of the similarity between the reactions of the soy bean 
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Fic. 3. Displacement of BAEE from trypsin by protein inhibitors, as shown by 
decrease of the reaction velocity with time. The trypsin was added last to in- 
hibitor + substrate + 0.01 m CaCl, in the usual assay system. It was found that 
this order of mixing gave the same result as the final addition of inhibitor to trypsin 
+ BAEE. [BAEE] = 0.01 m; [T] = 1.3 um. @, no inhibitor; 0, pancreatic in- 
hibitor; A, soy bean inhibitor; O, ovomucoid. 


inhibitor and ovomucoid with trypsin, correlation between relative rates 
and relative affinities is justifiable. 

The reverse of the above phenomenon was observed during the deter- 
mination of inhibitor activities in the presence of high concentrations of 
substrate (0.05 m BAEE). It was found during such esterase runs that 
there was a slow increase of velocity with time, indicating displacement of 
inhibitor by substrate. The results of such experiments, with equivalent 
quantities of inhibitor and trypsin, are shown in Fig. 4. No displacement 
of the pancreatic inhibitor by BAEE could be observed during 20 minutes, 
in agreement with its low rate of reaction with trypsin and the low dissocia- 
tion constant of the compound between the two. The rate of displacement 
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of ovomucoid was greater than that of the soy bean inhibitor, again in 
agreement with the order of the affinities of the inhibitors for trypsin. 
Effect of DF P—It was next of interest to see whether DFP behaved 
similarly to the protein inhibitors in displacing substrate from trypsin. 
Two of the esterase runs in Fig. 5 were carried out in the presence of DFP, 
with and without 0.01 m calcium chloride. The other two runs were con- 
trols without any DFP. In the first place it is clear that even such a high 
concentration of DFP as 0.01 m has a negligible effect on the rate during 8 
minutes (contrast Fig. 6, where no BAEE was present to protect the tryp- 
sin). It is curious that, when no calcium is present, the slope is noticeably 
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Fia. 4. Displacement of protein inhibitors from trypsin by BAEE, as shown by 
increase of the reaction velocity with time. The substrate was added after inhibitor 
and trypsin had combined. [BAEE] = 0.05 m; [CaCl2] = 0.01 m; [T] = 0.78 um. 
O, pancreatic inhibitor; A, soy bean inhibitor; O, ovomucoid. 


increased by DFP (kp = 0.318 instead of 0.284). A similar non-specific 
effect due to other organic materials, such as Versene and isobutyric acid, 
was noted in the preceding paper (6). A further important observation, 
not shown in Fig. 5, was that addition of calcium salts to the esterase run, 
after DFP and substrate had been present for 8 to 10 minutes, did not 
lead to the usual increase in activity; ko changed negligibly from 0.318 to 
0.314. It was, therefore, deduced that DFP had reacted with that fraction 
of trypsin which is normally activated by calcium ions. A similar experi- 
ment, in which the DFP was replaced by the pancreatic inhibitor, gave 
quite different results, in that the full amount of activation by calcium was 
still observed, indicating that this inhibitor does not react with the inactive 
fraction of trypsin (see above). 

Since BAEE protected trypsin from the action of DFP, experiments 
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were performed to see whether the pancreatic inhibitor would do the same. 
Fig. 6 shows the results of incubating the inhibitor-trypsin compound (three 
times recrystallized) with DFP. It is clear that no measurable reaction 
had occurred within 3 hours. During 18 hours a 5 per cent decrease in the 
potential trypsin activity* of the compound could be detected. The extent 


of reaction between free trypsin and DFP under similar conditions is also 
shown in Fig. 6. 
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MINUTES 
Fie. 5. Esterase determinations in the presence and absence of DFP (0.01 m). 
[BAEE] = 0.01 m. DFP was added last. [T] = 0.58 um. O, @, no CaCl; O, 
g,0.01mCaCl,. Filled symbols, no DFP; open symbols, 0.01 m DFP. 


It was shown above that DFP could prevent the activation of trypsin by 
calcium (7.e. DFP could react with the “inactive trypsin,’ which was ac- 
tivated by calcium). In the light of this finding experiments were per- 
formed to determine whether calcium had any effect on the rate of reaction 
between DFP and trypsin in the absence of BAEE. The results of such 
an experiment are shown in Fig. 6 (lowest curve, time scale in seconds).* 


’ The potential activity of the inhibitor-trypsin compound was measured by al- 
lowing it to stand at pH 2 for 30 minutes and then adding a sample to the usual 
esterase assay system. The initial standing at acid pH was found to be sufficient to 
bring about 95 per cent dissociation of the compound, and the BAEE in the assay 
system then prevented recombination of inhibitor and trypsin and allowed the esti- 
mation to be performed in the usual way (see Fig. 3). The approximate ko, based on 
the calculated trypsin content of the inhibitor-trypsin compound, was 0.34. This 
method can also be used to study the kinetics of the inhibitor-trypsin reaction. 

‘ The reaction rate was found to decrease more rapidly than would be predicted 
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If DFP reacted only with “active trypsin,” then calcium would have 
been expected to produce a 25 per cent increase in the rate of reaction with 
trypsin. The observation that it did not affect the rate appreciably is in 
agreement with the previous results, suggesting that DFP reacts with both 
the forms of trypsin postulated in the preceding paper. Further implica- 
tions of these results will be discussed below. 
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Fig. 6. Action of DFP on trypsin and the pancreatic inhibitor-trypsin compound 
(time scale in minutes). The reaction was carried out in 0.01 m tris(hydroxymethy])- 
aminomethane buffer (pH 7.8) + 0.01 m CaCl,. Samples were withdrawn at inter- 
vals and assayed as described in the text. A, 10mm DFP; 0, @, 0.024 mm DFP; 
A, O, potential activity of inhibitor-trypsin compound (19 um); @, activity of 
trypsin (15 um). Effect of CaCl, (0.01 m) on the reaction between DFP (4 mm) and 
trypsin (2.6 um) (lime scale in seconds). Each point was determined on a separ- 
ate reaction mixture, BAEE (0.01 m) being added to stop the reaction and to deter- 
mine the remaining trypsin activity. When CaCl: was absent from the DFP- 
trypsin reaction mixture, it was added after the BAEE for the purposes of the 

assay. O, no CaCl.; @, 0.01 m CaCl. 


Interaction between DFP Trypsin and Protein Inhibitors—It has already 
been shown (8) that the presence of DFP trypsin does not affect the in- 
hibition of trypsin by the soy bean or pancreatic inhibitors. These results 
have now been extended to include ovomucoid and have been found to 
hold even when the DFP trypsin-trypsin ratio is as high as 30:1 (see Table 
I). 

However, this does not exclude the possibility of a combination between 





from first order kinetics. This is in contrast to the results of Hartley and Kilby (22), 
who found first order kinetics for the analogous reaction between chymotrypsin and 
diethyl-p-nitrophenyl phosphate. 
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an inhibitor and DFP trypsin so much weaker than that between inhibitor 
and trypsin that competition would not be apparent in the above experi- 
ments. In order to test such a possibility an ultracentrifugal analysis of 
mixtures of DFP trypsin and soy bean inhibitor was carried out. In 
a typical experiment so. for a 1 per cent protein solution, containing 
DFP trypsin and inhibitor in the ratio 2:1, was 2.49 S. The sedimenta- 
tion boundary was symmetrical and the sedimentation constant was only 
slightly higher than that expected for a completely dissociated system. 
(The corresponding figures for the sedimentation constants of related pro- 
teins at the same total protein concentration were as follows: DFP trypsin 
2.43, soy bean inhibitor 2.25, and a mixture of equivalent concentrations 
of soy bean inhibitor and trypsin 3.41.) From these figures and similar 


TaBLeE I 
Effect of DFP Trypsin on Combination between Inhibitor and 
‘Trypsin 
DFP trypsin and the inhibitor were allowed to stand together in the usual assay 
system for 3 minutes before the addition of trypsin and BAKE. 


) basalt 








Inhibitor None | Soy bean (0.79 equivalent) | Ovomucoid (0.90 equivalent) 
== ai 1.0/1.0 |1.0 | 1.0 {1.0 /|1.0 | 1.0 
DFP ixpee, | M. “ia il 0 | 0 8.4 25.0 0 | 9.5 28.5 

7 —_ — = —— 
byt NM WEG egy Ain Wee fe | 0.37 a 0.079 | 0. 083 | 0.079 | 0. 0.036 | 0.037 | 0.038 





“2 Corrected for the f presence oof ey, psin in the DFP trypsin. 


ones from a second experiment, an average dissociation constant was calcu- 
lated from an expression given by Svedberg and Pedersen (23). The re- 
sulting figure of 2 X 10-* m was much lower than that for trypsin and the 
soy bean inhibitor (2 X 10-'° m) and might well be due to non-specific 
association between oppositely charged protein molecules. 

Effect of Mercuric Chloride—The last series of interactions to be investi- 
gated was that of mercuric chloride with DFP and the protein inhibitors. 
These were of particular interest, since it had been found that unlike the 
other inhibitors, mercuric chloride was equally effective whether it was 
added to the trypsin before or after the substrate (6). This would indicate 
either that the mercuric chloride did not combine with the active center of 
the enzyme or that the equilibrium between mercuric chloride, BAEE, and 
trypsin was rapidly attained. 

Trypsin was mixed with sufficient mercuric chloride (10~* m) to cause al- 
most complete inactivation. After short time intervals, BAEE was added, 
followed rapidly by calcium chloride. The reactivation by calcium led to 
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the ko values given in the first line of Table II; these should be compared 
with the figure of 0.36 for trypsin in the presence of calcium. The results 
of this experiment were then compared with similar ones, in which the 
addition of mercuric chloride was followed immediately by that of the 
appropriate inhibitor (DFP, soy bean, or pancreatic) and then, after the 
same time intervals as before, by BAEE and calcium chloride. It can be 
seen from Table II that the reactivation of the mercury-inhibited enzyme 
by calcium was independent of the presence of DFP or of the pancreatic 
inhibitor, showing that under these conditions mercuric chloride prevents 
reaction between these inhibitors and trypsin. (In the absence of mercuric 


TaBLeE II 
Effect of Various Inhibitors on Trypsin 

Trypsin was incubated with HgCl: (10-4 m) and the indicated inhibitor. After 
the intervals shown, BAEE (1 ml., 0.1 Mm) was added, followed immediately by CaCl, 
(0.1 ml., 1 m), and the rate of hydrolysis determined in the usual way. The table 
shows the resulting values of ko and the percentage of inactivation by the inhibitor 
with respect to that in the presence of 10-* m HgCl: as 0 (10-4 m HgCle, without 
added Cat**, gives 90 per cent inhibition). 























Inhibitor present in addition to HgCl: tine 

(1074 se) aru Greer ear EPR 

0.33 min. 1.0 min. 2.0 min. 

None ko 0.239 0.221 0.203 
% inactivation 0 0 0 

DFP (4 X 10-? m) ko 0.238 0.227 0.215 
% inactivation 0 —3 —6 

Pancreatic inhibitor (0.93 equiv- ko "0.233 0.212 0.205 
alent) % inactivation 2 4 —1 

Soy bean inhibitor (0.90 equiv- ko 0.145 0.132 0.123 
alent) % inactivation 39 40 39 


chloride over 90 per cent inhibition would have been obtained.) In con- 
trast, with the soy bean inhibitor kyo was lowered 40 per cent below that 
found with mercuric chloride and calcium, and this further inhibition was 
independent of incubation time. It is possible that this difference is due 
to the more rapid establishment of an equilibrium in systems containing 
the soy bean inhibitor than in those containing DFP and the pancreatic 
inhibitor. This problem has not been pursued further. 


DISCUSSION 


The results presented above show that the protein inhibitors of trypsin 
combine at or near the same site as that of the substrate. The inhibition 
should therefore be regarded as competitive, although it differs from the 
usual type of competitive inhibition in two respects. In the first place, the 
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dissociation constants of the enzyme-inhibitor compounds are so low (10~'° 
m) that the concentration of free inhibitor cannot be assumed to be equal 
to that of total inhibitor. Hence the assumption on which the Lineweaver- 
Burk relations between reciprocal velocity and reciprocal substrate con- 
centration (24) are based does not apply. In the second place, the 
combination of inhibitor and trypsin and the dissociation of the compound 
of the two are slow compared with the rate of the enzyme-substrate reaction 
(partly due to the low concentration of inhibitor as compared to substrate) ; 
hence the inhibitor-trypsin-substrate system does not usually attain equi- 
librium. It would seem undesirable to coin a new term, such as “‘inter- 
ference” for this type of inhibition (25), for, as the study of enzyme kinetics 
progresses, many more examples of inhibition will be found which do not 
conform to the ideal competitive and non-competitive formulations. A 
corresponding multiplication of special names would produce misleading 
divisions in a subject which should be regarded as essentially homoge- 
neous, in that it is based on the principles of chemical kinetics.® 

The lack of agreement of the present results with those of Fraenkel- 
Conrat et al. (1), who found non-competitive inhibition of trypsin by 
ovomucoid, can readily be explained in the light of the above considerations. 
Their results were interpreted according to Goldstein’s theory (26), which 
assumes an equilibrium between inhibitor, enzyme, and substrate. Equi- 
librium is not attained in this case, and, even if it were, the difference be- 
tween K; and Kj is so great that the effect of substrate on the inhibition 
would not be demonstrable. Theories which assume equilibrium (24-26) 
cannot, therefore, be applied to these inhibitors, and a more general kinetic 
approach (26) is required. 

The most obvious scheme which will account qualitatively for the results 
given above is 


ky ks 

(1) T+S= TS — products 
2 
kg 

(2) T+I =f 


5 


However, there is a further possibility to consider: the direct displace- 


5 The simplest nomenclature would be to consider all inhibitions in which the sub- 
strate has a marked effect on the enzyme-inhibitor reaction to be of the competitive 
type. The unqualified term ‘competitive inhibition” should be reserved for those 
systems which conform to the assumptions of the Lineweaver-Burk formulation, 
systems which do not so conform being described as of the competitive type, with 
suitable qualifications. Thus, the protein inhibitors would be competitive inhibit- 
ors, which have K; << K, and which react relatively slowly with the enzyme, and 
DFP would be described as an irreversible competitive inhibitor, which reacts slowly 
with the enzyme. 
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ment of inhibitor by substrate or vice versa. At present this reaction 
cannot be completely excluded, but there are two arguments in favor of 
ignoring it tentatively. In the first place (as indicated above) the relative 
rates of displacement by (or of) the three protein inhibitors are in accord- 
ance with what is known of the reactions between these substances and 
free trypsin. It is therefore an unnecessary complication to invoke a 
further mechanism of reaction. The second argument is based on analogy 
with simple displacement reactions, such as the alkaline hydrolysis of alkyl 
halides. For simple halides the direct displacement mechanism is normal, 
the hydroxyl ion attacking the carbon atom on the opposite side from the 
halogen to be displaced. If, for steric reasons (e.g. in tertiary halides), the 
hydroxy] ion cannot readily react by this mechanism, the reaction is slowed 
and an alternative mechanism involving preliminary ionization of the hal- 
ide becomes predominant (27). It would seem likely that the steric factors 
involved in the reactions under discussion would be so large as to exclude 
any contribution to the rate from the first mechanism. However, too little 
is known of reactions between proteins to allow a definite conclusion at 
present. 

From the scheme indicated in equations 1 and 2, equations to the curves 
of Fig. 3 have been developed, which describe the course of the reaction in 
terms of K,, and ky. No comparison has yet been made with the experi- 
mental results, since K,, for BAEE is not accurately known. 

Since such small molecules as mercuric chloride and DFP, which are 
known to combine with the active center, can prevent inhibition by the 
soy bean and pancreatic inhibitors, it appears that these inhibitors must 
have at least one point of interaction at the active center of the enzyme. 
There could well be other points of combination; so that this deduction is 
still in harmony with the conclusions of Fraenkel-Conrat et al. (1) that 
different groups of trypsin are required for the enzymic activity and for 
combination with ovomucoid. The work of these authors (2), of Kunitz 
(28), and of Green and Work (4) leads to the idea that the interaction 
between the inhibitors and trypsin was primarily electrostatic. If this is 
so, the slow attainment of equilibrium in these systems presents a problem 
whose solution would be of considerable interest for the theory of protein 
interactions. 

The inhibition by mercuric chloride described in the preceding paper (6) 
can now be considered more fully. It was found there that increasing the 
concentration of BAEE considerably reduced the inhibition by mercuric 
chloride, owing partly to the effect of the BAEE hydrochloride on the ionic 
strength. The effect of ionic strength was unusual in view of the low con- 
centrations of Hgt* in solutions of mercuric chloride and suggests that, in 
spite of this, Hgt* and not undissociated HgCl, may be the inhibitory 
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agent. It was not then possible to decide whether or not the inhibition by 
mercuric chloride was of the competitive type. It appears from the pres- 
ent paper that there is competition between mercuric chloride and BAEE, 
in view of the protection of trypsin by mercuric chloride against the action 
of DFP and the pancreatic inhibitor, which themselves compete with 
BAEE. It is suggested that absence of any protective effect of BAEE 
against inhibition by mercuric chloride is due to the small size and prob- 
able high rate of reaction of this ion, compared to the other inhibitors 
considered. 

We come finally to the effects of calcium salts and of DFP. The investi- 
gations of Jansen and coworkers (reviewed by Balls and Jansen (7)) have 
shown that DFP combines with some unusually reactive group in the 
chymotrypsin or trypsin molecule which is not present in such a reactive 
state in any free amino acid. This group is probably the one directly 
involved in the attack on the hydrolyzable bond, rather than one of the 
groups which determine the specificity of the enzyme, as may be seen from 
the following arguments. 

The similar action of DFP on several peptidases and esterases of widely 
differing specificity shows that the reaction has a relatively low specificity, 
much lower than that usually found in competitive inhibition by substrate 
analogues. Moreover, the similar inhibitory action of many different phos- 
phorie acid derivatives of the type (RO)2PO-X supports this conclusion. 
These general considerations suggest that the reaction between these in- 
hibitors and enzymes differs somewhat from the enzymic decomposition 
of the substrates. For trypsin, this idea is reinforced by the results of the 
experiments with DFP and calcium. The absence of effect of calcium on 
the reaction between DFP and trypsin, and the reaction of DFP with 
‘fnactive trypsin” in the presence of BAEE, clearly differentiate these 
reactions from those between trypsin and its synthetic substrates. These 
results can be readily explained if the réle of calcium ions is to maintain 
the trypsin molecule in the active form by their effect on the relative 
configuration of the groups determining the enzyme specificity. These 
groups would not be necessary for the reaction between DFP and trypsin, 
and hence calcium would not be expected to have any effect on this reac- 
tion. It would therefore be more accurate to regard the inhibition of 
trypsin, at least, as an ordinary chemical reaction between DFP and a 
certain part of the active center of the enzyme, rather than as an enzyme- 
catalyzed reaction. 


The author wishes to express his thanks to Dr. Hans Neurath for helpful 
discussions and advice, and to Mr. R. D. Wade for performing the ultra- 
centrifuge runs. This work has been supported in part by a grant from 
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the Rockefeller Foundation for research under the direction of Dr. Neu- 
rath. 


SUMMARY 


The inhibition of trypsin by diisopropyl fluorophosphate (DFP), by 
ovomucoid, and by the soy bean and pancreatic inhibitors has been shown 
to be of the competitive type, since the reaction of these inhibitors with 
trypsin is almost abolished in the presence of the substrate, benzoyl-.- 
arginine ethyl ester (BAEE). Competitive inhibition has been also dem- 
onstrated by displacement of the substrate by each of the three protein 
inhibitors and by displacement of the inhibitors by substrate. 

Ca*+ does not affect the amount of soy bean or pancreatic inhibitor 
required to produce a given percentage inhibition. 

DFP reacts to a negligible extent with the pancreatic inhibitor-trypsin 
compound, and likewise DFP-trypsin does not combine appreciably with 
any of the three protein inhibitors. 

When a mixture of trypsin, BAEE, and DFP is allowed to stand, the 
trypsin is not inactivated so long as BAKE remains, but addition of Ca++ 
to this system no longer effects any increase in trypsin activity. This is 
correlated with the observation that Ca++ does not increase the rate of 
reaction between DFP and trypsin in the absence of BAEE. 

Mercuric chloride prevents trypsin from reacting with DFP or the pan- 
creatic inhibitor, but it is not prevented from reacting with trypsin by 
BAEE. 

These varied observations have been explained in terms of the known 
properties of these compounds and of a hypothesis presented in an earlier 
paper concerning the nature of the interaction between Ca** and trypsin. 
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Previously we reported the occurrence in microorganisms of enzymes 
which catalyze the transfer of the y-glutamyl or y-aspartyl radical of 
glutamine and asparagine, respectively, to hydroxylamine, hydrazine, and 
ammonia labeled with N'*, with the formation of the corresponding hy- 
droxamic acids, hydrazides, or amides labeled in their amide groups. 
Glutamo- and aspartotransferases were extracted in highly active state 
from microorganisms. Of various metallic ions tested, only Cut+ was 
found to enhance bacterial glutamotransferase (GTF) activity (5). 

On the other hand, the glutamotransferase (GTFy,,) found in extracts 
of plant (6) and vertebrate tissues (1-4) requires Mn**, arsenate, or phos- 
phate and ATP or ADP! for optimal activity. During the purification of 
GTFy, from brain cortex and pigeon liver it was found (3, 4) impossible 
to separate the transferase activity from glutamine synthetase activity, as 
was likewise reported by Elliott (7) for GTFy,, of peas, whereas GTF could 
easily be freed from synthetase activity. This suggested that glutamine 
synthetase may always be associated with GTFy, activity and that it 
might be possible to find a GTFy, also in extracts from bacteria. In this 
paper the purification of GTFy,, from mammalian tissues and pigeon liver 
and bacterial extract as well as the requirements and some aspects of the 
kinetics, inhibitions, and activations of the enzyme system are described. 

Although GTFy,, was studied at all stages of isolation, only the experi- 
ments with purified preparations will be described. 


EXPERIMENTAL 


Assays—The GHA formed was determined by the ferric chloride re- 
action, according to Lipmann and Tuttle (8), as in our previous publica- 


* This work was supported in part by grants from the National Institute of Neuro- 
logical Disease and Blindness (Grant B-226) of the National Institutes of Health, 
United States Public Health Service, the Supreme Council, 33° Scottish Rite Masons 
of the Northern Jurisdiction, United States of America, and by a contract between 
the Office of Naval Research and the Psychiatric Institute. Preliminary reports of 
some of the findings have appeared elsewhere (1-5). 

1 The following abbreviations are used: ATP, adenosinetriphosphate; ADP, ade- 
nosinediphosphate; AMP, adenylic acid; ITP, inosinetriphosphate; GHA, glutamo- 
hydroxamic acid. 
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tion (9). Protein determinations were carried out by the quantitative 
biuret reaction (10) or according to the method of Lowry ef al. (11). 

Purification of GTF un from Brain Cortex, Pigeon Liver, and Proteus 
vulgaris—All manipulations described below were carried out at 0—-4° and 
all centrifugations were performed at 20,000 X g in a Servall centrifuge or 
International refrigerated centrifuge. 


TaBLe [ 


Purification of Manganese-Dependent Glutamoiransferase and Glutamine Synthetase 
(S) from Cortex of Sheep Brain 





GTFmn activity | Synthe- 
































Fractions Volume Protein <aat STEERER ES, |” bw J y, Estilo, 
Total Specific | specific 
total ml.| total gm. 
Homogenate: ... . ..... 6... ee iees 2100 | 126 315,000 2.5 
Supernatant.................... 760 | 27 238 ,000 8.8 | 0.45] 20 
Ammonium sulfate Fyo.........| 214 5.45 | 109,000 | 20.0; 0.81 25 
“ a: eS 122 1.83 | 76,000} 41.6| 2.3 18 
« ee 156 | 0.7 53,000 | 75.5 | 7.5 10 
Calcium phosphate Ca,......... 83 | 0.108 | 28,000 | 260.0 | 19.0 14 
x ag Meise 0.046 | 20,000 | 436.0 | 29.0 15 
| 








Transferase assay, 2 ml. contained 100 uM of acetate (pH 5.5), 40 um of glutamine, 
20 um of hydroxylamine, 10 um of manganous chloride, and potassium phosphate 
each, 0.1 um of ATP, and an amount of enzyme to permit the formation of 1 to 1.5 
um of GHA during 10 minutes incubation at 37°. Synthetase assay, 2 ml. of 0.02 m 
tris(hydroxymethyl)aminomethane (pH 7.5) contained 150 um of glutamic acid, 80 
uM of hydroxylamine, 40 um of magnesium chloride, 10 um of ATP, 40 uM of potassium 
cyanide, and an amount of enzyme to permit the formation of 1 to 1.5 um of GHA 
during 10 minutes incubation at 37°. In both assays the reaction mixture without 
enzyme, Mg**, or Mn**, respectively, was preincubated for 10 minutes at 37°. All 
values corrected for blank values obtained by incubation of the reaction mixture 
without enzyme or hydroxylamine respectively. 1 unit of activity corresponds to 
the formation of 1 ym of GHA per hour. Specific activity is defined as units per mg. 
of protein. 


Sheep Brain Cortex (Table I)—The brain was transported in frozen con- 
dition to the laboratory and either used immediately or kept at —15°. In 
a representative run of purification 1 kilo of cortex was homogenized in 
portions in a Waring blendor with a total of 3 liters of 0.06 »« phosphate 
buffer (pH 7.5) for 30 seconds. The homogenate was stirred in the cold 
for 3 hours and centrifuged for 30 minutes. The precipitate was stirred 
with 1.5 liters of phosphate buffer for 3 hours and centrifuged. The pH 
of the combined extracts was adjusted to pH 6 with acetic acid and frac- 
tionated with ammonium sulfate at 20 (Fx), 50 (Fs0), and 60 (Feo) per 
cent saturation. After each addition of the ammonium sulfate solution 
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the mixture was kept in the cold for 3 hours and then centrifuged. The 
three protein precipitates were dissolved in small volumes of water and 
dialyzed against 0.02 m phosphate buffer (pH 7) for 18 hours. As the 
transferase and synthetase activities were found to be enriched in Fy, 
fractions Fo and Feo were reprecipitated with ammonium sulfate and the 
fractions obtained between 20 and 50 per cent saturation combined with 
Fyo after dialysis (F50, Table I).2 Fs0 was adjusted to pH 6, fractionated 
at 20 (Fio), 25 (Fis), 40 (Fio), and 50 (Fi) per cent ammonium sulfate 
saturation and freed from salt by dialysis. F%) was discarded; F3, and 
Fjo were combined and reprecipitated at 25 and 40 per cent saturation, 
and the fraction obtained at 40 per cent ammonium sulfate saturation was 
combined with F%o after dialysis (Fio, Table I). F% after adjustment to 
pH 6 was fractionated at 28 and 36 (Fis) per cent ammonium sulfate satu- 
ration and freed from salt as described above. F%, (Table I) after ad- 
justment to pH 6 was treated with 24 ml. of calcium phosphate gel, the 
mixture kept for 1 hour and then centrifuged, and the supernatant solu- 
tion again treated with the gel in the same manner. The procedure was 
repeated once more. The three portions of calcium phosphate gel were 
combined and stirred for 15 minutes with 80 ml. of 0.2 m phosphate buffer 
(pH 5.75), the suspension was centrifuged, and the supernatant fluid dis- 
carded. The washing of the gel was repeated twice in the same manner. 
The gel was suspended in 30 ml. of 0.2 m phosphate buffer (pH 7.2), and 
the mixture kept for 1 hour and centrifuged. The procedure was repeated 
twice and the supernatant fluids were combined and adjusted to pH 6 
(Ca,, Table I). Ca; was treated with calcium phosphate gel in the manner 
described above, care being taken to keep the temperature during all 
operations between 0 and —5°, since the enzyme proved to be rather un- 
stable at this degree of purity (Caz). 

Pigeon Liver (Table I])—Acetone-dried powder of pigeon liver prepared 
in the conventional manner served as the starting material. In a repre- 
sentative experiment 10 gm. of powder were extracted with 100 ml. of 
0.02 m phosphate buffer (pH 7.5) and the supernatant fluid after centrifu- 
gation of the suspension was used for purification. The purification was 
carried out as described for brain cortex, with the difference that the re- 
fractionation of the side fractions proved unnecessary, since a much greater 
portion of GTFy, was found in the main fraction (F3.) than in the case 
of brain cortex. 

P. vulgaris (Table III)—A powder (10 gm.) of P. vulgaris prepared as 
described previously (9) was extracted with 200 ml. of phosphate buffer 
(0.01 m, pH 7) for 6 hours with dialysis against the same buffer. After 


? Acetone-dried powder as starting material instead of homogenates of sheep brain 
did not give sharper cuts during ammonium sulfate fractionation. 
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centrifugation the supernatant fluid was adjusted to pH 6.5 and fraction- 
ated with ammonium sulfate between 20 and 40 per cent (F4o) and this 
fraction refractionated between 20 and 36 per cent ammonium sulfate 
saturation. F3—. was subjected to two consecutive adsorptions on calcium 


TABLE II 


Purification of Manganese-Dependent Glutamotransferase and 
_ Glutamine en (S) from Pigeon Liver 








| GTFata activity | Syathe. | Ratio, 
Fractions Volume | Protein — ~| activity, GTF:$ 


Total Specific specific | 








total ml.| total gm. 



































Supernatant.................... 1003.4 44,000 | 13.0} 1.5); 9 
Ammonium sulfate Fso..........| 36 | 1.07 | 30,000 28.0 3.4) 8 
“ ar Seay | 31 | 0.24 | 19,000 79.0 12.8, 6 
“ Bo Ms 0.2 | 10 | 0.087 | 11,000 126.0 42.0) 3 
Calcium phosphate Ca;......... 5.7 | 0.033 | 8,000 | 242.0 66.7 4 
mn Caz.. -- 15.1 0.013 5,000 388.0 103.0 4 
For conditions of assay and for units see Table I. 
Tas_e III 
Purification of Manganese-Dependent Glutamotransferase and 
Glutamine Synthetase from P. vulgaris 
| GTFMa activity | Synthe- | Rat GTF 
Fractions Volume | Protein | | activity Ratio, .g, activity, 
| Total | Specific 4 specific 
total ml. | total gm. col aK (es 
Supernatant............... 200 | 2.0 56 | 0.028 | 0.30 0.09 | 2.7 
Ammonium sulfate Fyo....., 50 | 0.89 46 (0.052) 0.29 | 0.18 0.09 
a “  Fis.....| 2.7 | 0.062 | 19 | 0.308 | 0.43 | 0.72 | 0 
Calebam phosphate Ca,..... 3.3 | 0.0105 9 0.855 | 0.5 1.7 
2.8 


“ Caz.. 1.3 0.0033 6.5 1.96 0.69 


For conditions of assays sof GTF un and Ss see e Table I. ‘For assay of GTF, 2 ml. of 
0.02 m tris(hydroxymethyl)aminomethane (pH 8) contained 40 um of glutamine, 20 
uM of hydroxylamine, and increasing amounts of protein; incubation 1 hour at 37°. 


phosphate gel in the manner described for the purification of GTFy,, from 
brain (Ca; and Cae, Table III). GTF was separated from GTFy, during 
the purification procedure (last column, Table III). 

Properties of GTF ywe—GTFy,. from brain cortex has been most exten- 
sively studied in our laboratory and the data presented refer to enzyme 
preparation from this source, if not otherwise noted. In most respects 
GTF yn, from pigeon liver and from Proteus behave in the same manner as 
the enzyme from brain. 
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Metal and Phosphate Requirements of GTF yu, (Fig. 1 and Table 1V)— 
As shown previously (2, 3), there is considerable activity upon addition 
of manganous salts and phosphate to transferase preparations from verte- 
brate tissues. The optimal Mn** concentration was found to be around 
0.01 m and that of phosphate around 0.005 m. Upon addition of ATP 
or ADP, resulting in a final molarity of 5 K 10-5; the optimal require- 
ments for Mn** shifted to lower concentrations (0.0005 m). Although the 


MGHA 
4 ph 
' 





iT 
5 4 | 2 
— LOG CONCENTRATION 

Fic. 1. Dependence of GTFy,. from brain cortex on the concentration of Mnt* 
Mg*+, and phosphate. All samples contained in 2 ml. 100 um of acetate (pH 5.5) 
40 um of glutamine, 20 um of hydroxylamine, and enzyme solution (specific activity 
37). Abscissa, —log concentration of Mn*+, Mg**, or phosphate, respectively; 
ordinate, micromoles of GHA formed in 10 minutes per mg. of protein. ©, concen- 
tration of Mn*+ varied, 10 um of phosphate, 0.1 um of ATP; @, concentration of 
phosphate varied, 10 um of Mn**, 0.1 um of ATP; A, concentration of phosphate 
varied, 10 um of Mn*+; A, concentration of Mn**+ varied, 10 um of phosphate; X, 
concentration of Mgt+ varied, 10 um of phosphate, 0.1 um of ATP. 





optimal concentration of magnesium in the presence of ATP was close to 
that found with Mn*-, the yield of hydroxamic acid formed was only about 
15 per cent of that in the presence of the latter metal. Co**, although 
less effective as activator than Mn*+, was more effective than Mgt*. This 
relationship became still more apparent when phosphate was replaced by 
arsenate. It is of interest that addition of an amount of Mgt**, ineffective 
by itself, approximately doubled the yield of GHA in the presence of Mn++, 
but only in the absence of ATP and ADP. 

Activation of GTF uy, by Nucleotides (Fig. 2)—Crude GTF,,, preparation 
obtained from aqueous extracts of acetone-dried mammalian organs by 
precipitation at pH 4.2 did not require the addition of nucleotides (2), 
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but with increasing purification of GTFy, the need for nucleotides for 
optimal activity became more and more apparent. As is seen in Fig. 2, 
the activating efficiency of ATP was the same as that of ADP at equimolar 
levels. According to Loomis and Stumpf (12) the activating nucleotide 
is ADP, which is liberated from the added ATP. With purified enzyme 
preparations, natural AMP was active, though only in considerably higher 


TasBLe IV 
Metal Activation of Glutamotransferase 
Micromoles of glutamohydroxamic acid formed per mg. of protein in 1 hour. 











ATP added 
None in 0.1 um ’ 7 
Brain cortex 

te Se Rreteb at hs NY ela wy 6 ga a ee ae OR a 0 0 
ee Ae OR. dss as cve cba Snawevie 13 105 
Se ON ical ia retsrasd.cyaiwid wlan 0 19 
sc 6+ Mn** + Mgt + PO,”............. 25 105 
1 MI A MN os ns a oe Uta eS eewaes 3 52 
8 Bee Fe Be oo scwrekvsvrwviwanb cts 65 470 
oe fh get 4 e.....cssasesscsessierseuves 10 324 

Pigeon liver 

Grr + Ma + POF... .. 2.6.00... 565s 16 184 
ee a ee ee >0.4 1 
Ye De eae heme sine os be 2 35 
i | te Ss) gg 288 798 
«+ Cot* + ih SA ry ree re ee 8 304 
WO a Oy Me iad dae ee >0.5 1.3 








2 ml. contained, in micromoles, glutamine 40, hydroxylamine 20, phosphate 10, 
Mn*+ or Cot* 10, Mgt* 20, acetate buffer 100 (pH 5.5), and enzyme solution. In- 
cubation for 10 minutes at 37°. 


concentrations, than ADP or ATP; synthetic AMP (for which we are in- 
debted to Professor A. R. Todd) was inactive with purified enzyme prepa- 
rations. The activity with pure enzyme preparation of AMP and ITP 
prepared from natural sources may well be due to the presence of traces 
of ADP or ATP, while the activity of synthetic AMP with crude enzyme 
preparation may have been the result of regeneration of ADP or ATP. 
The optimal concentration of ATP was smallest with Mnt*, larger with 
Cot, and still larger with Mg**, whereas the reverse was the case with the 
yield of GHA, 
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The activity of GTF,,, from plant sources (6, 7) as well as from Neuro- 
spora’ may be made completely dependent on the addition of nucleotides 
by dialysis or purification. Despite intensive efforts to achieve complete 
inactivity of vertebrate GTFy,, by dialysis, treatment with Dowex (Table 
V), heat treatment, precipitation at different pH values, residual activity 
could always be elicited by the addition of Mn** and phosphate or arsen- 
ate. Commercial samples of glutathione were found to activate GTFy, 
but this ability, the extent of which corresponded to the presence of 0.05 
per cent of ATP as a contaminant, was removed by treatment with Dowex 





" 


1! 1 l j 
\2 10 5 « 4 2 
—LOG CONCENTRATION 
Fic. 2. Dependence of GTF yn activity on nucleotides in the presence of Mn*t+ 
and Mg++. Each sample contained in 2 ml. 100 uM of acetate (pH 5.5), 10 um of phos- 
phate, 40 um of glutamine, 20 um of hydroxylamine, and 400 y of purified cortex pro- 
tein (specific activity 105). Abscissa, —log of molarity of nucleotides added; 
ordinate, micromoles of GHA formed in 10 minutes at 37°. @, 10 um of Mn** and 
ATP; O, 10 um of Mn** and ADP; A, 10 um of Mn** and ITP; A, 10 um of Mn** and 
AMP (natural); X, 20 um of Mg** and ATP. 








(Table V). This estimate was confirmed by a determination of phos- 
phorus in the samples. 

pH Optimum (Fig. 3)—The pH optimum of GTFy, from sheep brain, 
pigeon liver, and P. vulgaris was at 5.5, independent of the presence of 
activating nucleotide and irrespective of the presence of phosphate or 
arsenate. It will be recalled that bacterial GTF has a pH optimum at 8 
(9). 

Dependence of Enzymatic Rate on Substrate Concentration—A K, for 
glutamine of 0.023 m was obtained when 1/S was plotted against 1/v (13). 
With increasing hydroxylamine concentration an inhibition of enzyme 


* Grossowicz, N., and Miller, A., unpublished. 
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TABLE V 
Dowex Treatment of Glutamotransferase (GTF yn) Preparation from Brain Cortez 
Micromoles of glutamohydroxamic acid formed per mg. of protein in 1 hour. 





GTF | 24 | GTF + 150 um GSH* 113 
Dowexf treated GTF | ie. se  ecli 47 
GTF + Dowex ATP solution | 24 “+ 150 ‘* Dowex GSH* 19 


Dowex GTF + Dowex ATP 23 fh iGh e 4:0 22 
GTF + ATP | 114 
Dowex GTFf + ATP | 1 








For conditions of assay see Table I. 

* Commercial glutathione. 

¢ Treated with Dowex 1; enzyme, ATP, or GSH solution run through two columns 
of Dowex 1 (50 mesh, 0.5 X 5 cm.) successively. 





MMGHA 
fe>) 


l l L 
4 5 6 7 
pH 
Fic. 3. pH-dependence of GTFy. from brain cortex and P. vulgaris. Each sample 
contained in 2 ml. 10 um of Mn** and phosphate, 40 ue of glutamine, 20 um of hydroxyl- 
amine (adjusted to the particular pH), 100 um of acetate buffer (pH 4 to 6), and 
40 uM of tris(hydroxymethyl)aminomethane (pH7 to 7.5). GTFwyn from brain, spe- 
cific activity 70; from P. vulgaris, 2.0. Ordinate, micromoles of GHA formed in 10 
minutes (brain) or in 60 minutes (P. vulgaris) per mg. of protein at 37°. ©, brain en- 
zyme and 0.1 um of ATP; @, brain enzyme, no ATP; A, enzyme from P. vulgaris, 
0.1 um of ATP; X, enzyme from P. vulgaris, no ATP; A, enzyme from P. vulgaris, 
10 uM of arsenate instead of phosphate, 0.1 um of ATP. 
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activity was observed at 0.05 m under the experimental conditions de- 
scribed in the transferase assay (Table I). This effect was not observed 
with GTF from bacterial sources. 

Inhibition of GTF un—GTF yn was strongly inhibited by ammonia, but 
this inhibition was not overcome, as it was with GTF from bacteria (14), 
by increasing hydroxylamine concentrations. In the presence of 40 um of 
glutamine and 20 um of hydroxylamine in a total of 2 ml., 200 um of am- 
monia inhibited GHA formation to the extent of 50 per cent. 

Of the amino acids tested, L-aspartic acid, glycine, L-serine, hydroxy-L- 
proline, L-alanine, and L-threonine in concentration equal to that of glu- 
tamine inhibited GHA formation in decreasing order (L-aspartic acid, 50 
per cent inhibition). The inhibition was not overcome by increasing 
amounts of the substrates or any one of the activators of the enzyme 
system. 

Salts in relatively high concentration inhibited GTFyn activity. 400 
uM of potassium chloride caused 50 per cent reduction of GHA formation 
under the above experimental conditions. Of the polyphosphates tested, 
pyrophosphate was a strong inhibitor by virtue of its ability to form metal 
complexes, the inhibition being overcome by increasing amounts of Mn+, 
Metaphosphate, trimetaphosphate, and hexametaphosphate were weak 
inhibitors. 

Separation of Synthetase from Transferase—When it became apparent 
that no separation of GTFy,, from synthetase (S) activity was accom- 
plished during purification of GTFy, from brain cortex and pigeon liver, 
attempts to separate by heat inactivation, precipitation at varying pH, 
ethanol fractionation, and the electrophoretic convection method (15) 
were made, but without success. 


DISCUSSION 


The GTFy. of vertebrate or bacterial origin has the same requirements 
for Mnt*, phosphate, and nucleotides as has the enzyme from plants or 
Neurospora, but differs in that it cannot be made completely dependent 
upon the addition of nucleotides for activity. Addition of Mn** alone 
elicited slight activity, which was greatly enhanced by phosphate or ars- 
enate. The activating effect of nucleotides is the least for GTFy, from 
P. vulgaris (see Fig. 3), although it should be noted that the degree of 
purity of this enzyme preparation was lower than that of plant or verte- 
brate GTFyn. These observations suggest the possibility that we are 
dealing with a third type of GTFy. which does not require added nucleo- 
tides for activity. 

GTFyn from peas (7), brain cortex, and pigeon liver has been purified 
to a comparable degree of final specific activity. In the three enzyme 
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preparations, ratios of GTF,,, to S stayed within a relatively narrow range 
during extensive purification. The ratios for the enzyme from brain 
varied from 10 to 25; those from pigeon liver from 3 to 9. In order to 
obtain comparable values for the pea enzymes, both of which had been 
measured by Elliott (7) with Mg** as an activator, it was assumed that 
this metal is 60 per cent as effective an activator as Mn** ((7) Fig. 3). 
The GTFyn:S ratio for pea enzymes would therefore be 1.1 to 1.6. The 
validity of these ratios is dependent on the reliability of the determination 
of the initial rates of enzyme activities. The initial rates of GTFyyn ac- 
tivity can be determined with accuracy. The determination of the ac- 
tivity of S may sometimes be less accurate, owing to the strong inhibition 
exerted by ADP liberated during the enzymatic reaction. 

The inability to separate, during the purification, GTFy,, and § activity 
in brain, liver, and pea preparations has given rise to considerations (3, 
4, 7) whether the two enzymatic activities are located on the same protein 
molecule and catalyze two independent reactions or whether GTFy, may 
be part of the over-all S activity representing in particular the reversal 
of the second step in glutamine synthesis (for a more detailed discussion 
of this hypothesis see Elliott (7)). A greater inhibition of GTFy, than 
of S activity (16), as well as the fact that p-glutamic acid may serve as 
substrate for S, whereas p-glutamine does not so respond with GTFyn,! 
cannot be accepted as a definite argument against the above hypothesis, 
since it is possible that the attachment of glutamine to the protein in the 
transferase reaction is governed by requirements as to activators and 
steric configuration other than those involved in the attachment of glu- 
tamic acid in the synthetase reaction. 

The present data appear to indicate different GTFy,:S ratios for brain, 
liver, or pea preparations. Such a finding, if substantiated by more ex- 
tensive observations, may argue in favor of separate enzymatic activities, 
although it could be assumed that the rate of the two enzymatic reactions 
catalyzed by active groups on the same protein may differ for proteins 
from different sources. The discovery of a GTFy, in the S fraction of 
cell-free extracts of P. vulgaris greatly strengthens prima facie the concept 
of the close association of GTFy, and 8. On the other hand during the 
purification of the bacterial GTFy, the GTFyn:S ratios increased in a 
systematic way by a factor of 30 (Table III) and in a second less extensive 
purification run from 0.5 to 1.4. This increase in ratios was caused by a 
gradual loss of S activity. It would therefore appear that in P. vulgaris 
the GTFy,, and § activities are functions of two different proteins which, 
although quite similar in their physicochemical properties, may be sepa- 
rated by the conventional purification procedures. This finding suggests 


4 Personal communication by Dr. A. Meister. 





that 

pigeo 
than 
bacte 
possi 
activ 


Th 


liver, 
requi 
phos} 
aden 
fully 
ferase 
trans 
tivati 
aden 
trans 
deper 
fied t 
almo: 
other 
30-fo 
depet 
zyma 


oo 


10. 
ll. 


. EI 
. Li 


M 
Le 





LAJTHA, MELA, AND WAELSCH 563 


that the inability to separate GTFy,, and S activity from brain cortex and 
pigeon liver is the result of a still greater similarity of the enzyme proteins 
than in the case of the enzymes from P. vulgaris. The purification of 
bacterial S devoid of GTFy,, activity would represent a final proof of this 
possibility, since it may well be that the active centers responsible for S 
activity may be inactivated selectively during the purification. 


SUMMARY 


The manganese-dependent glutamotransferase from brain cortex, pigeon 
liver, and Proteus vulgaris has been purified. Manganese is an absolute 
requirement for enzymatic activity, which is enhanced by the addition of 
phosphate or arsenate and further greatly increased by the presence of 
adenosinedi- or triphosphate. The enzyme preparation cannot be made 
fully dependent on the presence of nucleotides, as is the case with trans- 
ferase from plant sources. The pH optimum of these Mn*t+-dependent 
transferases is 5.5. In addition to Mn**+, Co** and Mg* act also as ac- 
tivators, but with decreasing efficiency. The optimal concentration of 
adenosinedi- or triphosphate is 10-' m. Adenylic acid is inactive in the 
transferase system. During the course of purification of manganese- 
dependent transferase from brain and liver, glutamine synthetase is puri- 
fied to the same degree and the ratio of transferase to synthetase remains 
almost constant during a 200-fold increase in specific activity. On the 
other hand the ratio of transferase to synthetase from P. vulgaris increases 
30-fold during purification. The question of the presence of manganese- 
dependent transferase and synthetase as separate or closely linked en- 
zymatic potencies is discussed in the light of these observations. 
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In the present work, paper chromatography, both alone and in con- 
junction with Reinecke fractionation, has been adapted to the study of 
methylated nitrogenous bases in plant and animal tissues. 

Chromatography on columns of alumina (1), cellulose powder (2), and 
Decalso (3) has helped to overcome some of the limitations inherent in 
earlier precipitation procedures for alkaloids and quaternary ammonium 
bases. Levine and Chargaff (4) have applied paper chromatography to 
the study of choline as a constituent of brain phosphatides with a sen- 
sitive phosphomolybdic acid-stannous chloride detection reagent. Whit- 
taker and Wijesundera (5) have used paper chromatography for the 
separation of certain choline esters. Munier and Macheboeuf (6-8) have 
summarized and evaluated the solvents and detection reagents available 
for the study of alkaloids by paper chromatography. 

It is upon these preceding methods that the present studies have been 
based. 


Materials and Methods 


The bromides of the methyl ester and of the ethyl ester of y-butyro- 
betaine (carbomethoxypropyltrimethylammonium bromide and carboeth- 
oxypropyltrimethylammonium bromide, respectively) were generous gifts 
of Dr. R. W. Fleming of Parke, Davis and Company, and an authentic 
sample of carnitine was most kindly supplied to us by Dr. H. E. Carter, 
Department of Chemistry, University of Illinois. 

Free y-butyrobetaine was prepared from the bromide of the ethyl ester 
in the following manner: 23 mg. of the ester bromide were dissolved in 4 
ml. of water; 320 mg. of Ba(OH)2 were added, and the mixture was heated 
in a sealed tube for 4 hours at 98°. The contents of the tube were washed 


* This investigation was supported in part by research grants from the National 
Cancer Institute, National Institute of Mental Health, United States Public Health 
Service, and the Charles F. Kettering Foundation, and by a contract with the United 
States Atomic Energy Commission. 

t Postdoctorate Public Health Service Research Fellow of the National Institutes 
of Health for 1951-53. 
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into a 40 ml. centrifuge tube, and the water- and acid-insoluble residue 
which had formed during hydrolysis was discarded. CO: was passed into 
the solution until the precipitation of BaCO; was complete. The solution 
was centrifuged and the residual BaCO; was washed three times with 1 
ml. portions of water. The total volume of the combined supernatant 
solution and washings was approximately 11 ml., containing about 2 mg. 
of free y-butyrobetaine bromide per ml. The last trace of turbidity was 
removed by addition of a drop of 6 Nn HCl. 

The remainder of the test substances and also the Reinecke salt were 
commercial preparations. 

Preparation of Tissue Extracts—The tissues were extracted with 70 per 
cent ethanol by maceration in a Waring blendor or by grinding the mix- 
ture in a mortar with ground glass or sand. The alcoholic extract was 
taken to dryness at 40-50° under a stream of warm air, and the residue was 
taken up in sufficient water to give an aqueous extract corresponding to 
3 gm. of fresh tissue per ml. The aqueous extract was deproteinized by 
treatment with one-tenth to one-fifth of its volume of 10 per cent trichloro- 
acetic acid or by dialysis against 5 times its volume of water. The di- 
alysate was concentrated to the original volume of the crude extract at 
40-50° in the presence of 0.1 to 0.2 volume per cent of benzyl or octyl 
alcohol. 

Reinecke Fraciionation—This procedure is based upon the method of 
Strack and Schwaneberg (9) and on that of Glick (10). The reineckates 
of the compounds having no free carboxy] group are precipitated first at an 
alkaline pH, and the reineckates of the free betaines are then obtained 
upon acidification of the filtrate. 2 to 5 ml. of deproteinized solution 
containing at least 1 mg. of methylated nitrogen compounds are placed 
into a centrifuge tube and brought to pH 8.5 to 9.0 by addition of 1 N 
NH,OH or of 1 to 2 Nn NH,OH-NH.Cl buffer at pH 9 to 10. 2 ml. of 5 
per cent Reinecke salt solution in absolute methanol are added, and the 
solution is allowed to stand in the refrigerator for 2 hours. The suspension 
is spun in the cold and the supernatant solution is removed as completely 
as possible into another centrifuge tube and saved. The precipitate is 
washed three times with 1 to 2.5 ml. of n-propanol, and the wash solution 
removed as completely as possible. (When dealing with an extract of 
unknown composition, the propanol washes should be saved since some of 
the alkaloid reineckates are soluble in n-propanol (see ‘Results and 
discussion’’). The washed precipitate is dissolved in 1 to 2 ml. of ace- 
tone and any turbidity removed by centrifugation. The intensely colored 
acetone solution is decanted into a graduated vessel, and the gray amor- 
phous residue is washed once with acetone. The acetone wash is usually 
nearly colorless. It is added to the supernatant solution, and the solution 
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made up to a suitable volume with acetone. If desired, the solution may 
be subjected to the quantitative spectrophotometric assay of Glick (10) 
before chromatography. 

The aqueous supernatant solution (see above) from the alkaline Rein- 
ecke precipitation is brought to pH 1.2 by addition of 6 n HCl, and the 
solution is again allowed to stand in the cold for 2 hours. The acid Rein- 
ecke precipitate is then treated in exactly the same manner as the alkaline 
precipitate. 

Chromatography—The dialyzed aqueous extract or the acetone solution 
of the Reinecke precipitate is applied to a spot on a sheet or strip of What- 
man No. 1 filter paper in aliquots containing 50 to 100 y of each nitrog- 
enous constituent. Spots of alkaline Reinecke precipitates which contain 
choline must be treated with silver nitrate before chromatography to liber- 
ate the choline moiety from the Reinecke precipitate (see ‘Results and 
discussion’’). For this purpose the dried spot is treated with an excess 
of 0.1 m AgNOs. 

Chromatography is carried out either in an ethanol-ammonia solvent 
which has been successfully applied in our laboratory or in one of the 
butanol-acetic acid solvents of Munier and Macheboeuf (6, 7). The 
ethanol-ammonia solvent (Et-NH;) consists of 95 ml. of 95 per cent ethanol 
plus 5 ml. of concentrated NH,OH, and the butanol-acetic acid solvent 
(Bu-Acet) consists of 100 ml. of n-butanol, 30 ml. of glacial acetic acid, 
and sufficient water to make the solution just turbid (80 to 90 ml.). The 
upper phase of the Bu-Acet system is the solvent; the lower phase is used 
for saturation of the tank. The Et-NH; solvent is a one-phase system 
and requires a tightly closed container. Either ascending or descending 
chromatography is satisfactory. 

Detection Reagents—The phosphomolybdic-stannous chloride reagent of 
Levine and Chargaff (4) (the Levine-Chargaff reagent) was used without 
modifications; it gives dark blue spots on a pale blue background. A 
more generally applicable reagent is a modified Dragendorff solution 
(KBil, reagent) which gives orange-red to brown-purple spots on a yellow 
background, and which is prepared in the following manner. 

A stock solution is prepared essentially as described by Guggenheim 
(11). 8.0 gm. of bismuth subnitrate are dissolved in 20 to 25 ml. of 30 per 
cent HNO; (sp. gr. 1.18). This solution is added slowly and with stir- 
ring to a solution containing 28 gm. of KI and 1 ml. of 6 Nn HCl in approx- 
imately 5 ml. of water. The dark precipitate redissolves, giving an orange- 
red solution which is cooled in the refrigerator, filtered, and diluted to 100 
ml. with water. The orange-red stock solution is stable for a few weeks 
if kept in a dark bottle in the refrigerator. 

The developing solution (KBil, reagent) consists of 20 ml. of water, 
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5 ml. of 6 n HCl, 2 ml. of Dragendorff stock solution, and 5 ml. of 6 n 
NaOH, added in this order. A few drops of 6 Nn HCl may be added if not 
all of the Bi(OH); dissolves on shaking. The KBil, reagent is stable for 
10 days when kept in the refrigerator. 

The papers are developed with the KBil, reagent by pulling them 
through the solvent. In order to get uniform results, the papers should 
always be pulled through in the same direction (viz. from the origin to the 
front), since the solubility of some of the compounds in water produces a 
slight but reproducible shift of the spots. 


RESULTS AND DISCUSSION 


Chromatography, Rp Values, and Color Development—Table I summarizes 
the Ry values in the Bu-Acet and in the Et-NH; solvents of a representa- 
tive number of nitrogenous bases as well as their behavior toward the 
detection reagents and toward Reinecke precipitation. The absolute R, 
values listed in Table I may vary by as much as 10 per cent, depending 
on the presence of other substances in the solution to be tested, but the 
relative Ry values are usually quite constant. Although the Bu-Acet 
solvent may be used advantageously, as shown in Fig. 1, we prefer to use 
the Et-NH; solvent routinely since it is a one-phase system and there- 
fore more convenient to handle. The solvent front travels faster with 
this reagent and is less sensitive to the salt concentration of the solution 
to be chromatographed. It is often possible to obtain clear chromatograms 
in the Et-NH; solvent under conditions of high salt concentration which 
cause distortions in the Bu-Acet solvent. 

The varying reactions toward the detection reagents are very useful 
in the identification of the compounds, particularly in cases in which shifts 
in Ry values have occurred. Thus a positive Levine-Chargaff reaction 
helps in the identification of choline. The immediate appearance of an 
intense orange-red spot with the KBil, reagent indicates a compound 
which does not have a free carboxy] group; the compounds having a free 
carboxyl group give a reaction with the KBil, reagent only after the 
reagent has dried. These latter compounds are also relatively insensitive 
toward the reagent; at least 50 y of the free betaines are required to give a 
detectable spot, while the compounds giving an immediate reaction are 
usually detectable at lower levels (15 y). 

Application of Methods to Muscle—It has long been known that mam- 
malian muscle contains carnitine, a quaternary base which possesses a 
4-carbon chain in addition to the three methyl groups at the nitrogen 
(12, 13). It seemed, therefore, desirable to subject such tissues to the 
chromatographic isolation procedure and to look for carnitine. Fig. 1 
shows strips containing small aliquots of beef dialysate after chromatog- 








Ry 


Tetrar 
niun 
Cetylt 
niun 
Betain 
ride 
Cholin 
Acety] 
ride 


Carnit 
y-Buty 
bron 
Carbo! 
trim 
bron 
Carbo 
trim 
bror 
Nicoti 


Trigor 


Hyose 
Horde 


*F 
lowing 
+ 851 
NH,O 


drying 
IR 
the pr 
parent 
$l 
brown 
levels 
| F 








H. M. BREGOFF, E. ROBERTS, AND C. C. DELWICHE 569 


TABLE I 
Rr Values and Chemical Behavior of Known Methylated Nitrogenous Bases 





Rr Reaction toward detection reagents 
| Precipitation 























Compound ‘ee Geena aS AG FOR. ge ER with Reinecke 
| Bu, | Et-NHs | KBilit Cate | Ultraviolet, solution; pH 
EE SSPE ee See, Rk OPE re: SSR Ae ee ee 
Tetramethylammo- 
nium bromide...... 0.49) I. + (Alkaline) t 
Cetyltrimethylammo- | 
nium bromide...... .0.93 7 oe 
Betaine hydrochlo- 
oY SASS ay eee? 0.43) 0.30 | A. = - Acid 
Choline chloride...... 0.50, 0.48 | 1.,§ A. + - Alkaline 
Acetyl choline chlo- 
ARES Si ERE: 0.59} Hy- | 1. + _ «“ 
dro- 
lyzed 
Onrnitios...... jasc... 0.48 A. - - Acid 
7-Butyrobetaine 
bromide. ........... 0.52) 0.13 ” _ - ” 
Carbomethoxypropyl- 
trimethylammonium 
bromade..........+. 0.64 i, Faint - Alkaline 
Carboethoxypropyl- 
trimethylammonium 
ROIS 6 555 boinc. 0.72 0.70 3 ws - ” 
BIN: niko dad nears 0.65, 0.93 | “|| Absorbs (Alkaline) 
moder- 
ately 
Trigonelline.......... 0.20 | A. Faint | Absorbs (Acid) 
intensely 
Hyoscyamine sulfate. . 0.94 | I. "7 - Alkaline 
Hordenine sulfate. . .. | 0.94 | “]j ** | Absorbs ‘s 
moder- 
| | ately 





* For the abbreviations, see ‘‘Methods”’ in the text. The solvents have the fol- 
lowing composition: Bu-Acet = 100 ml. of n-butanol + 30 ml. of glacial acetic acid 
+ 85 ml. of H.O. Et-NH; = 95 ml. of 95 per cent ethanol + 5 ml. of concentrated 
NH,OH. 

+ I., immediate appearance of the spot; A., appearance of the spot only after 
drying. 

t Reinecke precipitation was not carried out on these compounds, but the pH of 
the precipitation according to the scheme of Strack and Schwaneberg (9) is given in 
parentheses. 

§ Immediate reaction only at levels of >50 y. The immediate reaction is dark 
brown and often fades entirely or partially to give an orange spot on drying; lower 
levels of choline give only this latter reaction. 

|| Fades on drying, particularly if present at low levels. 
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raphy in the Bu-Acet solvent and after treatment with the KBil, reagent. 
Contro] strips containing authentic samples of carnitine, carnitine and 
betaine together, and betaine are also included in the set (Strips 1, 5, and 
6, respectively). 

From the three strips containing muscle dialysate (Strips 2 to 4) it can 
be seen that beef muscle contains several substances which react with 
the KBil, reagent. The nature of the fainter spots (Rr 0.2, 0.7) was not 
investigated further. Of the two intense spots in the center region of the 
strips the upper one appears to be identical with carnitine (compare Strips 
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Fia. 1. Descending chromatography in the butanol-acetic acid-water solvent with 
color development by the KBil, reagent. Strip 1, 160 y of carnitine; Strip 2, 60 ul. 
of dialysate from beef muscle plus 160 y of carnitine; Strip 3, 60 ul. of dialysate from 
beef muscle; Strip 4, 60 ul. of dialysate from beef muscle plus 160 7 of betaine hydro- 
chloride; Strip 5, 160 y of betaine hydrochloride plus 160 y of carnitine; Strip 6, 160 y 
of betaine hydrochloride. 
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1, 2, and 3). The nature of the intense lower spot is unknown. By ex- 
periments similar to the ones shown in Fig. 1, y-butyrobetaine, which 
contains the same number of carbon atoms as carnitine, was eliminated 
as a possibility, since authentic y-butyrobetaine did not coincide with the 
spot. Possibly, this spot may be identical with the unsaturated qua- 
ternary base, crotonobetaine, which is also known to occur in muscle ex- 
tracts (14). Beef muscle does not contain betaine in detectable quanti- 
ties (compare Strips 3 and 4). Similarly, choline occurs in the muscle 
dialysate in quantities too small to be detected by our methods; there was 
no appreciable Levine-Chargaff reaction, and no Reinecke precipitate at 
alkaline pH. Only in concentrated muscle preparations, such as Difco 
beef extract, were we able to detect appreciable amounts of choline. Beef 
muscle extracts are known to be poor sources of choline (15, 16). 
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Application of Methods to Plant Materials—Fig. 2 shows a few typical 
examples of plant materials chromatographed in the Et-NH; solvent and 
developed with the KBil, reagent, as well as control strips of choline and 
betaine treated in the same way (Strips 1 and 3). Strip 2 is from the 
dialysate of the leaves from 2 month-old sugar beet plants. The dialysates 
of sugar beet leaf extracts give very clean chromatograms of betaine and 
choline, the only quaternary substances which we have detected so far 
in any appreciable amounts in this plant. These two compounds were 
further identified by development with the Levine-Chargaff reagent, with 


Ry nz 2 3 S 5 
0.0 - + + + + +] 
0.1 - 
0.2 + 
0.3 + 7 ig 
0.4 + 

0.5 + ea oe 
0.6 + 
0.7 + 
0.8 + 
0.9 + ---- 


ae VUY 


Fic. 2. Ascending chromatography in the ethanol-ammonia solvent with color 
visualization by the KBil, reagent. Strip 1, 100 y of choline chloride; Strip 2, 100 
ul. of dialysate from 2 month-old sugar beet leaves; Strip 3, 200 7 of betaine hydro- 
chloride; Strip 4, 200 ul. of acetone solution of the Reinecke precipitate from 9 day-old 
barley shoots when a spot was treated with excess 0.1 m AgNO; before chromatogra- 
phy; Strip 5 was the same as Strip 4, except that treatment with AgNO; was omitted. 
































which only the lower spot (choline) reacted, and by Reinecke precipita- 
tion of eluates from sheet chromatograms developed in the same solvent. 
The betaine eluate gave a Reinecke precipitate only at strongly acid pH. 

Moreover, we have found that the extracts of leaves of sugar beet plants 
and of seedlings at various stages of development always contain betaine 
and choline, but that their relative amounts differ. Younger plants are 
usually richer in choline, but the concentration of this compound does 
not exceed one-tenth that of betaine in 1 to 2 month-old plants. Betaine 
and choline are also present in the roots and storage tissue of sugar beets 
and of the red beet. 

The two strips from the shoots of 9 day-old barley seedlings (Strips 4 
and 5, Fig. 2) illustrate the use of Reinecke fractionation prior to chro- 
matography. This procedure becomes imperative when the dialyzed ex- 
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tract contains large amounts of interfering material, as was found, for 
instance, with the storage tissues of both red and sugar beets and with a 
preparation of wheat germ. 

For the preparation of Strips 4 and 5 of Fig. 2, the crude extract from 
barley shoots was subjected to Reinecke precipitation as outlined under 
“Methods,” except that the alkalization step was dispensed with. In- 
stead, the trichloroacetic acid extract which was at a pH of 1.6 was treated 
directly with methanolic Reinecke solution. The remainder of the pro- 
cedure was as outlined. 

The successful use of the preliminary Reinecke fractionation depends 
upon the fact that during chromatography the Reinecke derivatives break 
up cleanly into the free methylated nitrogenous base, which travels to 
its characteristic spot, and into the Reinecke reagent, which travels to a 
spot of Rr = 0.6 to 0.7 in the Et-NH; solvent, and which appears as a 
pink spot before development with the detection reagents, but which 
does not react with either the Levine-Chargaff or the KBil, reagent. 
This was found to hold true with most test compounds of which rein- 
eckates were prepared, regardless of whether the acidic or basic solvent 
was used. The only exception which we have encountered is choline 
reineckate; as indicated above, this compound does not break up in the 
expected fashion unless the spot is treated with excess silver nitrate prior 
to chromatography. If this is done, the insoluble silver reineckate re- 
mains at the origin, while the liberated choline travels to its characteristic 
spot. 

The use of silver nitrate decomposition of choline reineckate is clearly 
illustrated in Fig. 2. The strip which was treated with silver nitrate 
(Strip 4) shows an intense choline reaction, while the choline spot is com- 
pletely absent from the non-treated strip (Strip 5). The excess silver 
salt travels to approximately the same position as betaine does. With 
the KBil, reagent, silver gives an intense immediate reaction which usually 
fades completely, leaving often a colorless spot due to the reduction of 
iodine by metallic silver. The silver-treated strip in Fig. 2 showed a faint 
orange spot just above the decolorized region after the KBil, reagent had 
dried off. The spot, probably betaine, is outlined in Fig. 2. We have 
found that the betaine content of barley is relatively low; small quantities 
of betaine are present in both the shoots and the roots of 4 day-old (etio- 
lated) seedlings while the roots of the 9 day-old seedlings contain it in 
amounts just large enough to be detectable. Barley differs in this respect 
from wheat seedlings and wheat germ, which contain large amounts of 
both betaine and choline. 

The fast moving spot of Strips 4 and 5 of Fig. 2 showed moderate ab- 
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sorption under ultraviolet light (250 mz), and was eluted from paper with 
water only with difficulty. Actually only a small amount of this material 
was present in the acetone solution of the Reinecke precipitate, which was 
used for the preparation of these two strips. By chromatographing an 
aliquot of the first n-propanol wash solution (see ‘““Methods”), an ultra- 
violet light-absorbing spot was observed at the R, of the fast moving ma- 
terial which gave a much more intense reaction with the KBil, reagent. 
The n-propanol solution was estimated to contain at least 20 times the 
amount of fast moving material present in the acetone solution. In agree- 
ment with the observations of Glick (10), the n-propanol wash solution 
contained neither choline nor betaine. The solubility of the reineckate 
of the fast moving substance in n-propanol makes its effective separation 
from choline and betaine possible. We are at present attempting to find 
out whether this fast moving compound is identical with the base hor- 
denine which is known to occur in sprouting barley (17). 


SUMMARY 


A paper chromatographic procedure for the identification of quaternary 
ammonium bases and related compounds in biological material has been 
described. 

The acetone solutions of the alkaloid reineckates are suitable for chro- 
matography, since it was found that, on chromatography, the reineckates 
are split into the free alkaloid and the Reinecke reagent, each of which 
travels to its characteristic position. The decomposition on chromatog- 
raphy is spontaneous in all instances studied, except for choline rein- 
eckate. Pretreatment of the spot with excess silver nitrate is necessary 
to decompose the latter substance prior to chromatography. 
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Experimental evidence has recently been presented (1)! that fatty acids 
are degraded in animal tissues by a cyclical process. This cycle involves 
four enzymes, all of which act only on CoA? derivatives of fatty acids. The 
over-all result of one turn of the fatty acid cycle may be represented by the 
following equation: 


CH;(CH:),COSCoA + CoASH — AcCoA + CH;(CH2)n-2COSCoA (1) 


AcCoA, the Cz fragment arising in this process, is the substrate for the 
condensing enzyme in the citric acid cycle (2-4). Thus the two cycles are 
linked through the cleavage reaction 


CH;(CH2),COCH,COSCoA + CoASH = AcCoA + CH,(CH,),COSCoA (2) 


at the end of the fatty acid cycle which produces AcCoA, and the condens- 
ing reaction at the beginning of the citric acid cycle, which consumes 
AcCoA. 

The immediate substrates of the cleavage enzyme (5-8) in the fatty acid 
cycle are the 8-ketoacyl derivatives of CoA. These compounds can be 
generated by the following enzymatic reactions: 


8-keto acid activating’ enzyme | 3) 
8-Keto acid + ATP + CoASH = ( 


B-ketoacyl CoA + AMP + pyrophosphate 











* A preliminary report of these data was presented at the Forty-fourth annual 
meeting of the American Society of Biological Chemists at Chicago, 1953. 

1 F, Lynen, presented at the Forty-fourth annual meeting of the American Society 
of Biological Chemists at Chicago, 1953. 

* The following abbreviations will be used: CoA, coenzyme A; DPN and DPNH, 
oxidized and reduced diphosphopyridine nucleotide; ATP, adenosinetriphosphate; 
Ac, acetyl; AcAc, acetoacetyl; HA, hydroxamic acid; SH, sulfhydryl; Tris, tris- 
(hydroxymethyl)aminomethane; Diol, 2-amino-2-methyl-1 ,3-propanediol; AMP, ade- 
nosine-5’-phosphate; CoASH, reduced CoA, and AcAcCoA, acetoacetyl coenzyme A. 

5 Mahler, H. R., personal communication. 
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succinylacetoacetyl CoA transferase _ 
B-Keto acid + succinyl CoA , (4) 








B-ketoacyl CoA + succinate 


6-hydroxyacyl CoA dehydrogenase | 
6-Hydroxyacyl CoA + DPN* . (5) 








B-ketoacyl CoA + DPNH + H* 


Reaction 3 requires an activating enzyme which is free even of traces of 
cleavage enzyme, since immediate cleavage of the 6-ketoacyl CoA ensues 
according to Reaction 2 in the presence of CoASH. Reaction 4 is limited 
to the lower members of the series because of the specificity of the trans- 
ferase (9). Reaction 5 has no such limitations and may be used for the 
preparation of 8-ketoacyl derivatives of CoA in general. The unsaturated 
acyl derivatives of CoA can be used as substrates for Reaction 5 instead of 
the B-hydroxyacyl] derivatives, if in addition to the dehydrogenase the 
specific hydrase for these compounds is present (1, 10).4 

The present communication deals with the enzymatic synthesis of §- 
ketoacyl derivatives of CoA, their identification, and some of their prop- 
erties. The purification procedures used do not separate CoA from CoA 
derivatives, and no attempt has been made in the present work to achieve 
this. The purity of the preparations of 8-ketoacy] derivatives obtained is, 
therefore, determined by the purity of the CoA used and the presence of 
other CoA derivatives. The data reported here on the identification and 
properties of the 8-ketoacyl derivatives were not affected by these impur- 
ities. 

While this work was in progress, communications appeared by Lynen 
et al. (7), who demonstrated the formation of AcAcCoA by Reaction 5, and 
by Stern et al. (6), who reported on the preparation of AcAcCoA by Reac- 
tion 4. 


EXPERIMENTAL 
Materials and Methods 


The ethyl esters of the di-8-hydroxy acids were obtained from the Far- 
chan Research Laboratories. They were hydrolyzed with the calculated 
amount of alkali and ethanol was removed in vacuo. Crotonic anhydride 
was prepared from crotony] chloride and sodium crotonate. 

SH groups were determined by a modification of the method of Grunert 
and Phillips (11) or by amperometric titration with silver nitrate (12), and 
B-keto acids by a modification of the method of Barkulis and Lehninger 
(13). The method for the preparation of CoA and the other assay proce- 
dures used in this study have been described previously (8). 

The following enzymes were used, the preparation and properties of 


‘ This enzyme is present in partially purified preparations of the dehydrogenase. 
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which have been, or will be, reported in other papers of this series: fatty 
acid activating enzyme (1, 14), fatty acyl CoA and 6-hydroxyacyl CoA 
dehydrogenases (1), unsaturated acyl CoA hydrase (1), B-ketoacyl CoA 
cleavage enzyme (8), succinylacetoacetyl CoA transferase (8), malic de- 
hydrogenese (15), and lactic dehydrogenase (16). 


Results 


Preparation of 8-Hydroxyacyl Derivatives of CoA—These compounds were 
prepared by a method similar to that used for the preparation of AcCoA 
(17) by the acetate activating enzyme system. The hydroxy acids were 
incubated with reduced CoA and ATP in the presence of the fatty acid 
activating enzyme. The stereospecificity of this enzyme, of the hydrase, 
and of B-hydroxyacyl CoA dehydrogenase will be dealt with in other com- 
munications of this series. Suffice it to say that both the d and the 1 iso- 
mers of the 6-hydroxy acids are activated, but only the d isomers are 
dehydrogenated (18) or dehydrated (1). As a consequence of this, only 
one-half of the 6-hydroxyacyl derivatives generated by activation of the 
dl acids can be oxidized to the keto derivatives. This fact was an obstacle 
in the way of obtaining samples of the keto derivatives free of other CoA 
derivatives. 

Since the lowest member of the series, 8-hydroxybutyrate, is very poorly 
acted upon by the activating enzyme, the use of crotonyl CoA, prepared 
either enzymatically or chemically from crotonic anhydride (19), was pre- 
ferred in this case. In the presence of the specific hydrase, crotonyl CoA 
is equivalent to d-8-hydroxybutyryl CoA. However, not even with chemi- 
cally or enzymatically prepared crotonyl CoA was all the material, which 
gave an HA reaction, capable of enzymatic conversion to AcCoA and then 
to citrate. Non-enzymatic hydration of crotonyl CoA to d- and I-8-hy- 
droxybutyryl CoA may partly account for this.® 

Preparation of 8-Ketoacyl Derivatives of CoA—These compounds were 
prepared in enzymatic Reaction 5. Since DPN, the oxidant in Reaction 
5, follows the CoA derivatives in most purification procedures, only a small 
amount of DPN was used, and the DPNH formed was reoxidized by pyru- 
vate in the presence of lactic dehydrogenase. The equilibrium of Reac- 
tion 2, in which the 6-ketoacy]l derivatives are cleaved, is far to the side of 
cleavage (6). Any cleavage enzyme present in preparations of the dehy- 
drogenase will therefore split the B-acyl CoA as quickly as it is formed, 
providing that CoASH is present. For the purpose of excluding free 
CoASH, the starting materials, i.e. the 8-hydroxy or unsaturated acyl 
derivatives of CoA, were treated with I,, according to the procedure of 
Lynen et al, (20). 

In a typical experiment, 43 mg. of dl-8-hydroxyoctanoyl CoA (equiva- 


5 Wakil, S. J., personal communication. 
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lent to 15 ym, as determined by the HA reaction), after treatment with 
I,, were incubated at room temperature with 1 mm of Diol buffer (pH 9), 
20 um of MgClo, 3 um of DPN, 60 um of pyruvate, 6 mg. of 8-hydroxyacyl 
CoA dehydrogenase of specific activity 100,* and 500 units’ of lactic dehy- 
drogenase in a total volume of 9 ml. Samples of 20 ul. were withdrawn at 
intervals, added to 1 ml. of 0.1 m Diol buffer (pH 9) containing 20 um of 
MgCl., and the optical density at 303 my was determined. After 6 min- 
utes, no further increase in optical density was observed. The mixture 
was then immediately deproteinized with HClO,; the supernatant fluid, 
after centrifugation, was extracted with ether to remove most of the organic 
acids and then subjected to extraction with phenol-benzy] alcohol as de- 
scribed previously (21). 37 mg. of a product were obtained, which con- 
tained about 14 per cent 8-ketooctanoyl CoA, as determined by the reac- 
tions described below. The purity of the B-hydroxyoctanoyl CoA used 
as the starting material was 16 per cent with respect to the reacting d form, 
Since the decomposition of the B-ketoacyl derivatives of CoA at the pH 
of the reaction mixture is not negligible, an excess of enzymes and a short 
reaction time should be used. A high pH has to be chosen because of the 
equilibrium of the dehydrogenation reaction (7). 

Identification of B-Ketoacyl Derivatives of CoA—The results of the deter- 
minations of B-keto acid and of enzymatic assays for the presence of £- 
ketoacyl derivatives of CoA are summarized in Table I. 6-Keto acid was 
determined after hydrolysis of the derivative in 0.1 n KOH at 38° for 15 
minutes, or after liberation of 8-keto acid by excess succinate and succinyl- 
acetoacetyl CoA transferase by a reversal of Reaction 4. The values ob- 
tained by alkaline hydrolysis were consistently low, although the free p- 
keto acids are not hydrolyzed to any significant extent under the conditions 
used. The disappearance of SH was measured after addition of CoASH 
and cleavage enzyme, and the reduction of DPN and the formation of 
citrate after adding the malic dehydrogenase-condensing enzyme system 
of Stern et al. (3). In a typical experiment, 0.05 um of AcAcCoA (based 
on spectrophotometric measurement, as outlined below) was incubated at 
room temperature with 20 yum of glycine buffer of pH 8, 0.5 um of MgSO,, 
0.1 um of CoASH, and 125 y of cleavage enzyme in a volume of 0.25 ml. 
After 5 minutes, 1 yl. of 60 per cent HC1O,, 0.4 ml. of ethanol, and 50 um 
of NH,NO; were added, and SH was titrated amperometrically. To an 
identical sample, 2 um of both malate and DPN and 45 y of malic dehydro- 
genase were added after 5 minutes and the volume was adjusted to 1 ml. 
The optical density at 340 my was measured at this point and changes in it 


* A specific activity of 1 corresponds to 1 um of DPN reduced per hour per mg. 
of protein at 25°. 
71 unit corresponds to 1 um of DPNH oxidized per minute at 21-23°. 
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were then followed after addition of 60 y of condensing enzyme. Citrate 
was determined after DPN reduction was completed. As seen in Table 
I, 2 um of DPN are reduced and 2 yo of citrate are formed from 1 um of 
acetoacetyl CoA (based on a spectrophotometric determination), while 1 
equivalent of SH is consumed during cleavage. With the higher members, 
only 1 uM of citrate is formed for every equivalent of SH which is consumed 
during cleavage, and for every micromole of 8-keto acid found. This is in 
agreement with the stoichiometry of the cleavage Reaction 2, according to 
which only AcAcCoA gives rise to 2 molecules of AcCoA. 

The second product of the cleavage of higher 8-ketoacy! derivatives of 
CoA was identified enzymatically and by paper chromatography. When 
the products of the cleavage of B-hexanoyl CoA were incubated with the 


TaBLeE | 
Identification of 8-Ketoacyl Derivatives of CoA 





| ’ | | DPNH 
|  #-Keto acid DPN | Citrate| SH _ | oxidized 
liberated reduced | formed | disap- | (8-hydro- 


Compound (malic |(condens-| pearing | xyacyl 
dehydro- ing (cleavage| Co. 


pH 13; | Transfer- genase) enzyme) | enzyme) | dehydro- 
38° 




















| ase genase) 
Meet GM. .... «0... 20ve0ee 0.6 | 0.9 | 2.2 | 2.2 | 1.0 | 1.0 
6-Ketohexanoyl CoA................ | 1.0 2°) tor 12 1.0 
p-Retecetaneyl © ow... cise ec es| 1 aa 2.7 | 1.1 | 0.9 1.0 








All the values are expressed in moles or equivalents per mole of 8-ketoacyl CoA, 
as determined spectrophotometrically by the use of the molar extinction coefficients 
(see Table III). The conditions for the assays are outlined in the text. 


fatty acyl CoA dehydrogenase in the presence of 2 ,6-dichlorophenol indo- 
phenol or neotetrazolium chloride and pyocyanine in vacuo (1), reduction 
of dye was observed. When the products of this oxidation were then acted 
upon by the B-hydroxyacyl CoA dehydrogenase in the presence of hydrase, 
DPN was reduced. Although these assays are not yet adapted to a quan- 
titative determination of butyryl CoA in mixtures, the amounts of dye and 
DPN reduced were of the expected order of magnitude; e.g., for 1 um of 
AcCoA arising according to Reaction 2 (determined by DPN reduction as 
above (3)), 0.5 um of formazan was formed by oxidation of butyryl CoA 
to crotonyl CoA, and 0.5 ym of DPN was reduced on further treatment 
with hydrase and B-hydroxyacyl CoA dehydrogenase. 

Hexanoyl CoA, one of the cleavage products of 8-ketooctanoyl CoA, was 
identified chromatographically. Samples of 8-ketooctanoyl CoA were in- 
teracted with NH.OH with and without previous treatment with CoASH 
and cleavage enzyme. The hydroxamic acids were extracted from the 
lyophilized residues with absolute ethanol, and chromatographed on paper 
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with benzene-formic acid (22). In this system hexanoyl HA (Rr 0.26) and 
8-hydroxyoctanoyl HA (Rr 0.05) can be easily separated.’ Spots of 8-hy- 
droxyoctanoyl HA of the same intensity were observed with both samples, 
originating from the unchanged [-8-hydroxyoctanoyl CoA which was a con- 
taminant of 6-ketooctanoyl CoA (see above), but only in the chromato- 
gram of the sample which had been treated with cleavage enzyme and 
CoASH was there a spot of hexanoyl HA. As pointed out by Lynen et 
al. (7), Reaction 5 is freely reversible, and the reversal with their model 
compound S-acetoacetyl-N-acetylthioethanolamine as substrate is essen- 
tially complete at pH 7. When the §-ketoacy] derivatives described here 
were incubated in citrate buffer of pH 6.0 with a 4-fold excess of DPNH, 
immediate oxidation ensued on addition of the dehydrogenase. It is evi- 
dent from Table I that oxidation of DPNH by all three compounds is 
stoichiometric under these conditions within the limits of error of the meas- 
urements. 

B-Ketoacyl derivatives of CoA do not form hydroxamic acids as do the 
other known acy] derivatives of CoA (23, 24). A direct demonstration of 
this with the isolated materials was not possible, as a considerable portion 
of the original material, which gave the HA reaction, remained unchanged 
during Reaction 5, as mentioned above, and was therefore present in the 
extracted preparations of the 6-ketoacyl CoA derivatives. An experiment 
in which it was indirectly demonstrated that 8-ketoacyl derivatives of CoA 
do not give the HA reaction is shown in Table II. $-Hydroxybutyryl 
CoA was oxidized by DPN in the presence of the 8-hydroxyacyl CoA dehy- 
drogenase. HA and SH were determined before and after addition of the 
dehydrogenase and after DPN reduction was completed (10 minutes). It 
can be seen that the amount of HA which disappeared corresponds to the 
amount of DPN which was reduced, and that only a small amount of SH 
was liberated. Disappearance of HA can thus not be due to deacylation. 
Then cleavage enzyme and CoASH were added, and after 10 minutes SH 
and HA were again determined. 2 moles of HA reemerged during the 
cleavage phase for every mole which had disappeared during the oxidation 
phase. The higher 6-ketoacyl derivatives show the same behavior. 

Stability of 8-Ketoacyl Derivatives of CoA—The possibility was consid- 
ered that failures in earlier preparative attempts were due to the instability 
of the B-ketoacyl derivatives. It became clear, however, from the following 
tests that the 6-ketoacyl derivatives of CoA are of the same order of stabil- 
ity as are the other known acyl derivatives of CoA. Aqueous solutions 
(2 X 10-* m) which had been kept at room temperature (26°) for 6 hours 
at pH 5 showed no decrease in optical density at 303 my after Diol buffer 


8 Generally, a hydroxyacyl HA with n carbons migrates with nearly the same 
Ry as the unsubstituted HA with n-2 carbons. 
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of pH 9 and MgCl, had been added just prior to the spectrophotometric 
measurement. When such samples were tested enzymatically with the 
cleavage and malic dehydrogenase-condensing enzyme systems as outlined 
above, the extent of DPN reduction observed and the yield of citrate were 
likewise undiminished. This is in line with the observation that only 
small amounts of AcAcO- (8 per cent of that found after hydrolysis) were 
detected in samples of AcAcCoA by AcAcO~- determination, unless they 
were first subjected to alkaline hydrolysis. It cannot be decided whether 
this 8 per cent was formed during the analytical procedure or had arisen 
previously by deacylation during preparation and isolation. The 6-keto- 


TaBLeE II 
Stoichiometry of Formation and Cleavage of Acetoacetyl CoA 











Reaction No. | DPNH, A pat | HA, Au | SH, A neq. 
1. 6-Hydroxybutyryl CoA + DPN*+ —| | | 
AcAcCoA + DPNH + Ht............. | +0.25 | -0.25 | +0.015 
2. AcAcCoA + CoASH — 2 AcCoA......... | 40.47 | —0.24 


\ 


The following components were mixed in each one of two 1 ml. Beckman cells: 
0.7 um of I;-treated crotonyl CoA (based on the HA assay), 7 um of DPN, 3 um of 
MgClo, and 140 uM of Diol buffer of pH 9 in a total volume of 1.4 ml. The absorb- 
ance at 340 mu was determined. Then 200 y of dehydrogenase containing hydrase 
and 200 y of cleavage enzyme were introduced. DPN reduction was followed, which 
was identical in both cells. After 9 minutes, 0.5 ml. was withdrawn from each cell 
for HA and SH determination, respectively. To the remainder, 0.5 um of CoASH 
was immediately added. After 9 minutes, samples were again withdrawn for HA 
and SH determination. The values obtained were corrected according to the blanks 
obtained in the absence of the enzymes or in the presence of the enzymes, but with- 
out either crotony] CoA or CoASH. 





acyl derivatives of CoA are stable at acid pH (19) but undergo decomposi- 
tion at a higher pH, as indicated by a decline of the optical density at 303 
my. The half life of the compounds at 26° is about 30 minutes at pH 8.8 
and about 90 minutes at pH 8.4. Since acyl derivatives of CoA in general 
are labile at alkaline pH (19, 20), and since the presence of reduced CoA 
had no influence on the decline of the optical density at 303 my, it is thought 
that this decline is due to hydrolysis of the thio ester bond and not to 
spontaneous cleavage of the type of Reaction 2. 

Optical Properties—Studies of the model compound S-acetoacetyl-N -ace- 
tylthioethanolamine have led Lynen et al. (7) to the discovery of a strong 
absorption band between 302 and 304 mu in f-ketoacyl thio esters. As 
was shown by Lynen, this band is strongly dependent on pH and is at- 
tributable to the enol form of these compounds. Furthermore, Stern et al. 
(6) have shown that this band is markedly increased in the presence of 
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Mg++ ions. These observations were confirmed with the three isolated 
compounds. The determinations of the extinction coefficients at various 
Mg? levels and pH values are summarized in Table III. It should be 
noted that the reported extinction coefficients refer to the total concentra- 
tion of B-ketoacyl CoA present, regardless of the different molecular species 
involved when Mg? is used as a complex ion and are only in this limited 
sense ‘‘molar’’ extinction coefficients. 

As the extinction coefficients increase only to a small extent with Mg++ 
concentrations beyond 0.01 m, the mean value at a 0.02 m Mgt+ concen- 
tration and at pH 8.8, viz. 2.2 & 10’ (cm.? X mole-'), was used for the three 
B-keto compounds. Although these values obviously do not represent the 
true molar extinction coefficients of the enolate ions of the B-ketoacy] de- 


TasB_eE III 


Molar* Extinction Coefficients X 10-7 of B-Ketoacyl Derivatives of CoA at Various 
Levels of Mg** and pH in Cm.? X Mole 





| Mg** 
. ro 
} ot | 2 | 4 | 8 | 16 20 | 32 83 
SEE — ‘Oa i _ - — ——_|-— _— 
Acetoacetyl CoA, pH 7.0............. 0 | <0.2| 
id = PM abasine ad Ag oes | 0 1.2 
+ oR oye niece ows) 1 64] 00132192 | 2.3 2.5 
B-Ketohexanoyl CoA, pH 8.8......... 0.6 2.1| 2.2) 2.3 | 
B-Ketooctanoyl ‘ ae ” Ses 2.1 2.1) 2.3 


* For restrictions of the term ‘‘molar,’’ as used in this case, see the text. 
t No special effort was made to eliminate traces of Mg** from the reagents used 
in these determinations. The values are given as millimoles per liter. 





rivatives of CoA, they.are of more practical importance because they are 
not influenced by uncontrollable variations of the Mg++ concentration and 
are considerably higher than the values in the absence of the complex- 
forming ion. No effort has been made to insure that all reagents were 
completely free of traces of Mg**+ when the values in the “absence” of 
Mg? were determined. These values are therefore only approximations. 
Neither was the influence of other ions investigated, with the exception of 
Na* and K+, which had no effect at 0.2 m concentration. 

The reported extinction coefficients were determined by correlating the 
changes in optical density at 303 my with those at 340 my when the cor- 
responding 6-hydroxyacy! derivatives were oxidized by DPN in the pres- 
ence of the dehydrogenase in Diol buffer of pH 8.8 or Tris buffer of pH 
7.9 or 7.0. A molar extinction coefficient of 6.22 * 10° (em.2 X mole) 
for DPNH was taken as a basis (25). It was found by optical density 
measurements at 303 and 340 my at various pH values that the enol band 
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of the isolated B-keto compounds, which emerges at alkaline pH, makes a 
contribution of less than 1 per cent of its value at 303 my to the optical 
density at 340 my. The optical density of DPNH at 303 muy, as found by 
the reduction of DPN by ethanol in the presence of alcohol dehydrogenase, 
was 35.5 per cent that at 340 my. A correction was applied for this con- 
tribution of DPNH to the 303 my band. 

By the use of the above extinction coefficients, the B-ketoacyl CoA con- 
tent of our preparations was determined spectrophotometrically and taken 
as a basis for the comparison with other independent analytical values, as 
shown in Table I. The agreement between these values is satisfactory. 


The author is indebted to Dr. D. E. Green for his interest and encourage- 
ment during this work, and to his colleagues Dr. D. S. Goldman, Dr. H. R. 
Mahler, Dr. S. Mii, Dr. D. R. Sanadi, and Dr. 8. J. Wakil for gifts of the 
enzymes used in this work. 


SUMMARY 


The preparation of acetoacetyl, 8-ketohexanoyl, and 6-ketooctanoyl CoA 
by enzymatic dehydrogenation of the corresponding £-hydroxy derivatives 
of CoA has been described. The compounds have been identified chemi- 
cally by determination of 8-keto acid after alkaline hydrolysis, by enzymatic 
reactions, and by their spectral properties. Extinction coefficients at vari- 
ous levels of Mg** and pH values have been determined. The compounds 
are of the same order of stability as other known acyl derivatives of CoA; 
they are, however, readily susceptible to enzymatic cleavage in the pres- 
ence of reduced CoA. 
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ON THE BIOSYNTHESIS OF NUCLEIC ACIDS IN THE 
LIVERS OF ADULT MICE* 


By JACQUES R. FRESCOt ann ALFRED MARSHAK} 


(From the Department of Chemistry, New York University College of Medicine, and 
the Division of Chronic Disease and Tuberculosis, United States Public Health 
Service, New York, New York) 


(Received for publication, March 18, 1953) 


In recent years the biosynthesis and rate of renewal of nucleic acids in 
mammalian species have received considerable attention (1-3). Studies 
with orthophosphate-P® have indicated that in non-growing tissues the 
rate of renewal of ribonucleic acids (RNA) is markedly greater than that 
of desoxyribonucleic acids (DNA) (4-6), but that DNA renewal is ap- 
parently quite rapid in tissues in which mitotic activity is prominent. 
These studies also revealed a dissimilarity in the biosynthesis of nuclear and 
cytoplasmic RNA (7-10). 

The studies described here were undertaken with the objective of de- 
termining rates of renewal of nucleic acids and comparing the patterns 
of biosynthesis of nucleic acids as revealed with adenine-C™ with those 
ascertained from the orthophosphate-P*®. In the present experiments, the 
specific activities of several nucleotide and polynucleotide fractions of the 
livers of adult mice have been followed during the 24 hours following the 
administration of single trace doses of uniformly labeled adenine-C™.! 
Since this study was initiated, kinetic experiments have been reported in 
which glycine-2-C™ (12, 13) and orotic acid-C™ (14) served as the tracers. 
It will be seen from the data presented here that the difference between 
the synthesis of nuclear and cytoplasmic RNA which had been indicated 
with orthophosphate-P®, glycine-2-C™, and orctic acid-C™ is also demon- 
strable with labeled adenine. In the experiments with glycine-2-C™“ and 
others with glycine-N™ (15) and formate-C™ (16), the concentration of 
isotope in the DNA purines was similar to that in the RNA purines in the 


* Aided by a grant from the Atomic Energy Commission, contract No. AT(30-1)- 
1038. 

Taken from the thesis submitted by Jacques R. Fresco in May, 1952, in partial 
fulfilment of the requirements for the degree of Doctor of Philosophy in the Graduate 
School of Arts and Science of New York University. 

t Present address, Sloan-Kettering Institute for Cancer Research, New York. 

t Present address, Marine Biological Laboratory, Woods Hole, Massachusetts. 

! The use in this work of adenine labeled in all carbons is justified, since it has 
been demonstrated that the purine ring is maintained intact in the course of its in- 
corporation into polynucleotides (11). 
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livers of adult rats. By contrast, it was observed in the present case that 
adenine-C™, like orthophosphate-P® and orotic acid-C", labels the RNA 
preferentially, so that the specific activities are much higher than those of 
the DNA throughout the period studied. 


EXPERIMENTAL 
Preparation of Uniformly Labeled Adenine-C™ 


The adenine used in this study was prepared by biosynthesis. The 
attainment of adenine-C™ of high specific activity (and other purines and 
pyrimidines) required a system in which the C™ added would not be di- 
luted in the course of the metabolism and growth of the organism used. 
The chemosynthetic microorganism, T'hiobacillus thioparus, meets the needs 
of such a system. It requires no source of carbon other than carbon diox- 
ide, and thus permits the uniform labeling of all carbon atoms with a 
specific activity of the C added. In addition, the organism was found to 
grow rapidly at room temperature and, if harvested in the logarithmic 
phase of growth, it had a high nucleic acid content. 

The purine and pyrimidine content of dried, lipide-free, acid-extracted 
material obtained from a culture of 7. thioparus harvested in the logarithmic 
phase of growth is presented in Table I. The procedure used for hydrolysis 
and subsequent analysis of this preparation has been previously described 
(17). 

The organism was first isolated from an enrichment culture inoculated 
with salt water mud and was subsequently identified by its culture and 
staining characteristics. For the radioactive culture a vessel containing | 
liter of sterile carbon-free inorganic medium (18) was inoculated with a 
single loop of bacteria and then attached to a manifold through which the 
gases were evacuated. Carbon dioxide-C", generated by reaction between 
hydrochloric acid and barium carbonate-C™, was released into the vessel 
and the pressure was returned to atmospheric by adding oxygen. The 
culture vessel was then sealed and incubated at 25-28° for 3 to 4 days, 
after which it was heated at 60-70° for 1 hour to kill the bacteria. The 
residual gas content in the culture vessel was then evacuated through bar- 
ium hydroxide traps. The bacteria were recovered by centrifugation at 
1200 X g. 

Two such preparations were made, each with 266 mg. of carbon dioxide, 
containing 10 me. of C™; 7.e., a specific activity of 1.65 mc. per mm of 
carbon. The amount of carbon dioxide used was calculated to be fixed 
by the time the end of the logarithmic phase of growth was reached (19). 

The scheme for fractionation of the bacteria and isolation of the desired 
purines and pyrimidines has been outlined in an earlier communication (20). 
Since the adenine isolated was to be used as a biological tracer, contami- 
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nants greater than a few per cent could not be tolerated. Several steps 
were therefore taken to ascertain the degree of purity of the adenine 
(which was finally isolated from a Dowex 1 chromatogram).? The ultra- 
violet absorption spectrum (from 250 to 300 my) of the preparation showed 
a maximal deviation of 2 per cent from that of a pure sample of adenine, 
thus indicating no significant ultraviolet-absorbing radioactive impurities. 
To establish the amount of non-ultraviolet-absorbing impurities present, 
aliquots of the adenine were subjected to paper chromatography in butanol- 
ammonia (17), collidine-quinoline (21), butanol-morpholine (21), and iso- 
propanol-hydrochloric acid (22) solvent systems. Radioautography of the 
several chromatograms and determination of the radioactivity throughout 
the length of each revealed the presence of a single component which in 
every case was found to represent over 97 per cent of the radioactivity 
present. These observations were taken to indicate that the adenine con- 
tained less than 3 per cent of radioactive impurities. 


TaBLe I 
Purine and Pyrimidine Content of Lipide-Free, Acid-Extracted T. thioparus 
These are minimal values for the base content of the bacteria, since the culture 


contained a considerable amount of elemental sulfur produced as an end-product of 
metabolism. The molar ratios are, however, not affected by this. 





Base Adenine Guanine Cytosine Uracil | Thymine 





maper e..-........--- 0,107 0.137 0.104 0.069 | 0.024 
Molar ratio.......... } 1.00 1.28 0.97 0.65 0.22 





It may be pointed out that the uracil and thymine fractions also isolated 
from Dowex 1 chromatograms were found to be in approximately similar 
states of purity, but that the cytosine fraction was highly contaminated. 
The guanine fraction was not subjected to ion exchange chromatography, 
and no attempt was made to purify further the cytosine fraction. 

The specific activity of the carbon in this preparation was 2.3 X 105 
«p.m. per uM of carbon as measured with a thin window Geiger tube 
(1.4 mg. per sq. cm.) which had a counting efficiency of approximately 6 
per cent. The yields of adenine, uracil, and thymine isolated were 19, 13, 
and 2.5 uM respectively. 

The yields of the three compounds isolated in a relatively pure state 


*The procedure employed for ion exchange chromatography of purines and py- 
rimidines was recommended to us by Dr. Paul Roll (unpublished). In this method 
the charge is made alkaline and applied to a Dowex 1 column (hydroxyl form). Cyto- 
sine, uracil, and thymine are eluted, in that order, with a solution which is 0.01 N 
NaOH and 0.01 m NaCl; adenine and guanine are then eluted, in that order, with a 
solution which is 0.01 n NaOH and 0.04 m NaCl. 
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indicate the efficiency and applicability of the biosynthetic system used 
in the preparation of C-labeled purines and pyrimidines of high specific 
activity. The isolation of guanine and cytosine in a similar degree of 
purity could probably also be achieved if desired. It is obvious that with 
minor modifications the procedure could be adapted to the preparation of 
nucleosides and nucleotides.* 


Adenine Incorporation 


Webster strain white male mice, weighing between 20 and 25 gm. (aver- 
age weight 22.5 gm.) at the time of injection, were used. They were 
maintained on a water and Purina laboratory chow diet for at least 1 week 
prior to the time of injection and were allowed to feed ad libitum thoughout 
the experimental period. Seven to ten mice were used in each experiment. 
The intervals from the time of injection to the time of removal of the livers 
were 69 minutes and 3, 13, and 24 hours after injection. 

The specific activity of the uniformly labeled adenine-C", isolated by 
the procedures described above, was 5.8 X 10° c.p.m. per uM as measured 
in the gas flow counter. The adenine was dissolved in 0.85 per cent NaCl 
solution and administered in this form. 0.2 ml. of the adenine-C™ solu- 
tion was injected into a tail vein of each mouse. The same dose, 2.8 7, 
equivalent to 120,700 c.p.m., was administered to each mouse in Experi- 
ments 1 (69 minutes), 2 (3 hours), 4 (13 hours), and 5 (24 hours). In 
Experiment 3 (3 hours) 3.77 7, equivalent to 162,300 c.p.m., were injected. 

At appropriate intervals after injection, each mouse was anesthetized 
with ether; the liver was perfused with 5 to 10 ml. of saline solution, ex- 
cised, and then rinsed with ice-cold saline solution and blotted. After 
removing the gallbladder and adhering connective tissue, a small sample 
of the liver, weighing approximately 0.1 gm., was cut out and dropped into 
a test-tube packed in an ice-salt mixture. (The livers varied in weight 
between 1.1 and 1.8 gm., with a mean of 1.45 gm.) The remainder was 
placed in a beaker containing ice-cold 5 per cent citric acid. It took 60 
minutes to complete this procedure for all the animals used in a given ex- 
periment. 

The subsequent extraction of the acid-soluble fraction (AS) of the pooled 
small samples of liver and the separation of nuclei from cytoplasm in the 
pooled main portions of liver were carried out in a room at 0-4°. All 
centrifugations were carried out in a refrigerated centrifuge maintained at 
the same temperature. These operations were completed within 6 to 8 
hours after the livers had been excised. 

The acid-soluble fraction was obtained by extracting the samples of liver 


3 Labeled amino acids have also been isolated from the protein fraction of the 
same preparation by one of us (A. M.). 
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set aside for this purpose twice with 20 volumes of 7 per cent trichloroacetic 
acid for 10 minute intervals. The extracts were combined, heated for 30 
minutes in a boiling water bath to decompose the trichloroacetic acid, and 
then taken to dryness in vacuo at room temperature. The residue was 
hydrolyzed with 70 per cent perchloric acid (17). 

The nuclei and cytoplasm were separated according to the procedure 
described by Marshak (23). The isolated nuclei were washed with 5 per 
cent citric acid until microscopic examination of this fraction no longer 
revealed the presence of cytoplasmic contaminants; ten to twelve washings 
were required to accomplish this. No attempt was made to separate the 
different types of nuclei found in the liver (24). The cytoplasm,‘ obtained 
as a supernatant fluid after removal of the bulk of the nuclei, was cleared 
of nuclear contaminants by discarding the sediments resulting from two 
subsequent centrifugations of this fraction at 1200 X g for 15 minutes. 
In every case the second sediment was found to be devoid of nuclei. No 
attempt was made to fractionate the cytoplasm into component particle 
and soluble fractions (10). 

The method employed for isolation and hydrolysis of two polynucleotide 
fractions from the nuclei, 7.e. DNA and ribonucleic acid fraction (N-RNA), 
and one polynucleotide fraction from the cytoplasm, 7.e. ribonucleic acid 
fraction (C-RNA), has been previously described (23).° 

The bases from all four fractions were separated by chromatographing 
the hydrolysates on paper with 65 per cent isopropanol-2 n HCl (22) as 
the developing solvent. The appropriate spots, located with the aid of an 
ultraviolet lamp (23), were cut out and eluted with water; the eluates were 
concentrated, chromatographed on paper with butanol-NH; (17) as the 
developing solvent, and the central portion of each spot was cut out and 
eluted with 0.1 nN HCl. Appropriate blanks were also prepared by elution 
of adjacent areas of the same weight. 

The purity of each base was ascertained by determination of the wave- 
length of maximal absorption in the ultraviolet region and also by com- 
parison of the ratio of absorption at the peak wave-length to that at 280 
my with the ratio obtained for an authentic sample. The concentration 
of each base (adenine and guanine) in the respective eluates was calculated 
from the difference between the optical density at the peak of absorption 
and that at 290 my (21). 


‘The term cytoplasm is used as defined previously (23). 

5 The terms DNA, N-RNA, and C-RNA are designations of expedience and merely 
signify polynucleotide fractions isolated by the procedures outlined. Although 
certain chemical characteristics can be associated with them, it is well to realize 
that even though some cytological fractionation has been carried out, these fractions 
do not represent physiologically or chemically homogeneous nucleic acid moieties 
(9, 10, 24, 25). 
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Aliquots of the eluates analyzed were then deposited and dried on metal 
planchets, made acid-resistant by coating them with thin films of poly- 
styrene, over an area of approximately 7 sq.cm. A maximum of 120 7 was 
spread over the area of each planchet, which is consistent with the require- 
ments of infinitely thin films for C“ (26). A Tracerlab Sc-16 windowless 
flow counter (gas mixture, helium 99.5 per cent, isobutane 0.5 per cent) 
was used for radioactivity analysis. With the exception of the instances 
cited in Table II, a sufficient number of counts was determined to keep 
the probable error (26, 27) within 5 per cent of the counts in the sample. 


TaBLeE II 
Specific Activities* of Purines of Nucleotide and Polynucleotide Fractions of Mouse 
Liver Following Injection of Adenine-C“%  , 





Experiment 1 Experiment 2 Experiment 3 Experiment 4 Experiment 5 
Fraction Hrs. after injection 

1 3 | 3 | 13 24 

AS adenine................| 777 1027 | 1102 | 953 | 524 

DNA adenine.............. wig 19 | mt ae ot - 
“* guanine..... a oe 0 Oo | 0 | i ae 4t 

N-RNA adenine..... nd 417 i 388 186 | 113 
“guanine... 0 35 32 | 64t | 50§ 
C-RNA adenine....... pieh 33 104 117 | 393 | 292 
I oases o | 0 Si. 2. b+ 

| 





* In counts per minute per micromole, 

+ Probable error greater than 20 per cent but less than 40 per cent. 
t Probable error greater than 5 per cent but less than 15 per cent. 

§ Probable error greater than 15 per cent but less than 20 per cent. 


Results 


In Table II are presented the specific activities of the fractions analyzed. 
The values for Experiment 3 have been adjusted by the factor 0.745 in 
order to relate the administered dose in this case to that used in the other 
four experiments. The results of Experiments 2 and 3 are then compa- 
rable, since both are for 3 hours. It is evident that the results of the two 
experiments are in reasonable agreement. 

In Experiment 3, the pyrimidines of the three nucleic acid fractions were 
isolated and their specific activities determined. No radioactivity was 
found in any of these compounds, indicating, as was previously observed 
in the rat (1, 28), that adenine is not a precursor of pyrimidines. 

The fraction designated AS adenine is a composite of the nucleotide co- 
enzymes and other adenine-containing compounds extractable from whole 
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tissue® with cold trichloroacetic acid. Throughout the period studied, 
the specific activity of this fraction was higher than that of any polynu- 
cleotide adenine. It should be noted that the ratio of specific activity of 
AS adenine to N-RNA adenine at 1 hour was only about 2:1, and further 
that the N-RNA adenine attained its maximal value at the shortest time 
interval measured. 

Values are not given in Table II for the guanine in the AS fraction. 
Although small amounts of acid-soluble guanine were found, they could 
not be adequately separated from contaminating compounds. The spe- 
cific activities, determined for such guanine isolated from chromatograms 
developed with different solvent systems, while high (100 to 400 ¢.p.m. 
per uM), were not reproducible and were considered unreliable. 

The uncertainties due to contamination do not apply for the polynu- 
cleotide guanines. Although no guanine-C™ could be detected in the ear- 
lier periods, there was definite indication of C™ in the guanine of each of 
the samples of RNA after 13 hours. It can be seen that the ratios of 
specific activity of adenine to guanine in each of the samples of RNA fall 
with time, and that at 24 hours they are only about 2:1 and 6:1 for 
N-RNA and C-RNA respectively. 

A dissimilarity in the rate of incorporation of isotope into the N-RNA 
and C-RNA fractions is evident. The specific activity of the adenine 
component of the latter not only increases with time, while that of the 
former decreases, but it actually rises to a higher value. Although the 
guanine values are less reliable because of the low activity, they indicate a 
like trend. Thus, at 24 hours, the specific activity of the C-RNA guanine 
appears to be approaching that of the N-RNA guanine. It may be noted 
that the rate of decrease of isotope concentration in the N-RNA adenine 
fits approximately a logarithmic curve. 

The incorporation of adenine into DNA polynucleotides is small in com- 
parison to that into the RNA polynucleotides. From these data alone it 
cannot be decided whether the small rise and fall in radioactivity are in 
fact indicative of DNA turnover or whether they merely represent an 
amount of adenine incorporated into newly formed cells. The possibility 
of contamination from the highly labeled N-RNA fraction must also be 
considered. The likelihood that such contamination could account for 
the observations, however, is small. The procedure used for the separation 
of N-RNA and DNA has been found satisfactory previously (23). In this 
work, also, the possibility of contamination was checked by analyzing for 


* In Experiments 2 and 3 some of the livers were not perfused sufficiently to re- 
move all of the blood, and hence the adenine in this fraction may have been con- 
taminated with adenine present in the blood. The AS adenine value at 3 hours may 
therefore be in error. 
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uracil in the DNA and for thymine in the RNA. Detectable amounts 
were not found by the paper chromatographic methods. The absence of 
radioactivity in the DNA adenine in Experiment 1 (at which time the 
N-RNA adenine had its highest specific activity) and in the DNA guanine 
in Experiments 1, 2, and 3 also suggests that significant contamination of 
DNA by N-RNA did not occur. 


DISCUSSION 


The inadequacy of estimating turnover rates’ from experiments in which 
the full course of incorporation and disappearance of precursor is not fol- 
lowed has been previously emphasized (30). Earlier estimates of rates of 
renewal of nucleic acids (3, 28, 31) cannot be considered reliable, since the 
so called rates were not actually determined from kinetic data. Arbitrary 
short interval experiments may lead to false impressions if the compound 
administered is not the direct precursor of the several fractions being com- 
pared. Single long period experiments may similarly be misleading if the 
“decay” curves of the different fractions are not parallel but, instead, cross 
each other. Even in a kinetic experiment of the type reported here, it is 
not always possible to arrive at definite rates from the data, but by this 
procedure a much closer approximation to the true turnover rates may be 
expected. In order to calculate the true half time® for renewal it would be 
necessary to determine the slope of the “decay” curve at a time when the 
precursor of the fraction is no longer labeled (29). In the absence of ade- 
quate information on the nature and extent of labeling of the direct pre- 
cursor (or precursors) of the polynucleotides, we must content ourselves 
with estimates made on the assumption that the precursor is no longer 
labeled. Such approximations lead to apparent half time values which may 
be higher than the true values. 

On this basis, and with the further assumption that both RNA adenine 
“decay” curves follow a logarithmic course, apparent half times for the 
N-RNA adenine and C-RNA adenine are estimated to be 12 and 24 hours 
respectively. While some uncertainty arises from the small number of 
experimental points from which these values are calculated, they have 
significance in indicating at least an order of magnitude of renewal rate 
of some of the RNA in the liver of the mouse. Since these fractions were 
not followed to the point of complete disappearance of radioactivity, it is 


7™The terms incorporation and renewal or turnover are carefully distinguished 
here. Incorporation is taken to mean the appearance of tracer in the compound in 
question, while renewal or turnover is used to indicate the continuous replacement of 
molecules of a compound in a system in the steady state (29). 

® The half time is the time required for half of the molecules of a substance in a 
system in the steady state to be replaced. 
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not known whether other less rapidly renewing components may also be 
present. 

The rapid incorporation of the labeled adenine into the N-RNA adenine 
in contrast to the slower incorporation into the C-RNA adenine is particu- 
larly interesting. These observations take on special significance, since 
similar patterns of incorporation of glycine (12), phosphate (8, 9, 10), and 
orotic acid (14) into N-RNA and C-RNA have been reported. The quali- 
tative agreement of the incorporation patterns obtained with the different 
precursors indicates that the present results with adenine are not a reflec- 
tion of a specific peculiarity of adenine metabolism. Rather, it is sugges- 
tive of a general pattern of synthesis of both purine and pyrimidine nucleo- 
tide components of polynucleotides having an important site of synthesis 
in the nucleus. 

The difference in the course of incorporation of adenine into the two 
types of RNA here distinguished is in accord with the hypothesis, suggested 
on the basis of studies on phosphate incorporation (6), that the N-RNA is 
the precursor of the C-RNA, but it does not provide direct evidence for 
the theory. On the other hand, the data obviously rule out the reverse 
situation. Alternative explanations may be considered. It has been sug- 
gested that the mode of synthesis may be similar for the two types of RNA 
and that the observed trends may only be a reflection of a more rapid rate 
of renewal of the N-RNA (14). It would then be expected that the rate 
of decrease in specific activity of the N-RNA would be very much greater 
than that of the C-RNA. The observed difference in rate of renewal of a 
factor of 2 does not make sufficient provision for the marked differences 
in the shapes of the specific activity-time curves for N-RNA adenine and 
C-RNA adenine, and therefore does not support such a hypothesis. There 
is also the possibility of independent pathways of synthesis in which differ- 
ent intermediate precursors are involved. Some support for this view- 
point may be obtained from the analytical data on N-RNA and C-RNA of 
different tissues which show these fractions to have very different purine 
and pyrimidine contents (23). But these same observations have been 
taken to support the hypothesis that the N-RNA is the precursor of the 
C-RNA (23). It is apparent that a clear-cut means of resolving the se- 
quence of events in the biosynthesis of the RNA of the nucleus and of the 
cytoplasm (in which metabolic heterogeneity has also been observed for 
RNA from the supernatant fluid and from the particles (9, 10)) has not 
yet been obtained. 

The change in specific activity of the AS adenine probably represents a 
composite of the various turnover rates of the adenine-containing compo- 
nents present. This fraction is of interest, since all of the AS adenine or 
some particular component of it may be the precursor of the polynucleotide 
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adenines. If the former is the case, it would be expected that the specific 
activity of this fraction would fall off at least as rapidly as that for the 
N-RNA adenine (29), and that the level of specific activity of the AS 
adenine would be many times greater than that of the N-RNA adenine in 
the early stages after administration of the tracer. Since neither of these 
results was obtained, the data suggest the presence of an adenine-contain- 
ing component of much higher specific activity than that of the fraction 
asa whole. Such a component would have to be present in small amounts. 
In support of such a hypothesis are recent observations (32, 33) that, al- 
though most of the activity present in the acid-soluble adenine (after ad- 
ministration of labeled adenine) may be accounted for in terms of the 
adenine present as adenosine-5’-phosphates, there are some adenine com- 
ponents of very much higher specific activity. 

It is noteworthy that the significant conversion of adenine to polynu- 
cleotide guanine and the preferential incorporation of adenine into RNA 
purines in these studies on the mouse parallel the observations on the rat 
(28). 


The authors are indebted to Dr. Wolf Vishniac for his contributions to 
the bacteriological phase of this work and to Mr. Murray Oratz for assist- 
ance in the chemical phase. 


SUMMARY 


Uniformly C-labeled purines and pyrimidines of high specific activity 
have been prepared by biosynthesis. 

The course of incorporation and disappearance of tracer from the purines 
of several nucleotide and polynucleotide fractions of the livers of adult 
mice has been determined during the first 24 hours following the adminis- 
tration of single trace doses of uniformly labeled adenine-C™. Adenine is 
incorporated rapidly into the acid-soluble adenine and nuclear ribonucleic 
acid adenine components and more slowly into the cytoplasmic ribonucleic 
acid adenine components. It is also converted to polynucleotide guanine. 
The data indicate approximate renewal rates of 12 and 24 hours for the 
nuclear and cytoplasmic ribonucleic acids respectively. The incorporation 
of adenine into the desoxyribonucleic acid purines is significant, but of a 
low order of magnitude in comparison to that into the ribonucleic acid 
purines. Some of these observations are discussed with reference to mecha- 
nisms of biosynthesis and rates of turnover of polynucleotides. 
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THE AMINO ACID COMPOSITION OF A PROTEIN ISOLATED 
FROM LOBSTER NERVE* 


By BERNARD A. KOECHLIN ann HARRIET D. PARISH 


(From the Department of Biology, Massachusetts Institute of Technology, Cambridge, 
Massachusetts) 


(Received for publication, June 3, 1953) 


The isolation and purification of a protein from lobster nerve and its 
physicochemical characterization have been reported previously by Max- 
field (1) from this laboratory. This protein was shown to be one of at 
least four extractable nerve components clearly distinguishable in the ultra- 
centrifuge, and it was estimated that the preparation called “Fraction A”’ 
represents approximately 10 per cent of the total extractable macromo- 
lecular material. A molecular weight of 1.4 X 10° was calculated from 
the sedimentation and diffusion data obtained, and an isoelectric point of 
4.7 from electrophoretic measurements. 

Further chemical characterization of this protein material by determina- 
tion of its amino acid pattern was sought. The particular interest in such 
additional chemical information arose from the physicochemical study of 
the interaction and possible molecular transformation of the nerve pro- 
teins. Information was desired on characteristics of the isolated protein 
fractions not related to molecular size, shape, or charge. An amino acid 
analysis of Fraction A was therefore undertaken, despite the fact that this 
highly purified material was available only in small amounts. In this 
paper we wish to present and discuss the results of our analysis of Fraction 
A, together with some of the special procedures developed to obtain a maxi- 
mum of information from such small quantities of protein. 

For sufficiently accurate amino acid analysis, the chromatographic 
method of Stein and Moore (2-4), with starch columns and neutral or 
acidic alcohol mixtures as eluants, appeared most suitable.! However, for 
complete individual amino acid analysis, including tryptophan and con- 
firmation by duplicate determinations, this method as such would require 
a minimum of 20 mg., or several times the quantity of protein at our dis- 


* This investigation was supported in part by a grant from the Office of Naval 
Research, in part by a research grant (No. B-24) from the National Institute of 
Neurological Diseases and Blindness of the National Institutes of Health, United 
States Public Health Service, and in part by a grant from the Trustees under the wills 
of Charles A. King and Marjorie King. 

1The more adaptable ion exchange method of these same authors (5), which 
was not accessible to us at the time that this study was undertaken, has since been 
adopted in our laboratory. 
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posal. We were able to overcome this difficulty by developing a procedure 
which required one, rather than four, separate aliquots for complete indi- 
vidual values. 

The acid hydrolysate of one accurately weighed aliquot of 2 to 3 mg. 
was chromatographed on a starch column eluted with the standard acidic 
alcoholic solvents (4). The fractions containing the overlapping amino 
acids, instead of being collected and assayed individually, were pooled 
and refractionated on columns which effected their adequate separation. 
A value for tryptophan was estimated from the ultraviolet absorption of 
the intact protein in alkaline solution by applying Holiday’s formula (6, 7). 
Nitrogen data required for establishing nitrogen factor and recovery were 
obtained from very small aliquots by means of the ultramicrodiffusion 
method of Tompkins and Kirk (8). 

The procedure enabled us to establish a nearly complete amino acid 
pattern for Fraction A as well as to obtain nitrogen and ultraviolet ab- 
sorption data from as little as 5 mg. of protein material. 


EXPERIMENTAL 


Material—The protein had been prepared by Dr. M. Maxfield by extrac- 
tion of lobster claw nerves with phosphate buffer of pH 7.7 and repeated 
ultracentrifugation, according to the procedure described previously (1). 
The preparation was 85 to 90 per cent pure as judged by the ultracentri- 
fuge pattern. 

Preliminary qualitative amino acid analysis was carried out on a hydroly- 
sate by two-dimensional paper chromatography on Whatman No. | filter 
paper run by capillary rise (9) with n-butanol equilibrated with 10 per 
cent acetic acid, followed by phenol containing 3 per cent ammonia (10). 

Spectrophotometric Measuremenits—About 5 mg. of Fraction A, dissolved 
in a small volume of buffer, was first dialyzed against fresh phosphate 
buffer of pH 7.2 and r/2 = 0.1. The dialyzed solution was spun for 10 
minutes at 20,000 r.p.m. in the preparative Spinco centrifuge and the clear 
supernatant solution was brought to 5 ml. The ultraviolet absorption 
spectrum was measured with the Beckman spectrophotometer with Bessey- 
Lowry type microcells (11) at pH 7.2 as well as at pH 13, after addition 
of 0.1 n NaOH (Fig. 1). 

Estimation of Tryptophan and Tyrosine—From the extinctions measured 
at pH 13 at 280 and 295 my, and from the known molar extinctions of 
tryptophan and tyrosine for these two wave-lengths, approximate values 
for the tryptophan and tyrosine concentrations in the given solution were 
calculated by means of Holiday’s formula (6). 

Dry Weights—The protein solution was freed of buffer salts by repeated 
dialysis against distilled water and again brought to volume. Excessive 
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dilution was prevented by applying pressure on the dialyzing solution. No 
protein precipitation occurred at this time, as long as the pH of the distilled 
water was prevented from dropping below pH 6. Duplicate aliquots of 
this buffer-free solution (containing 2 to 3 mg. of protein) were lyophilized 
in tared ampules and dried to constant weight at 65° in vacuo. The dry 
weights, as determined with a Becker semimicro balance (sensitivity 0.01 
mg.), were reproducible within 2 per cent. Nitrogen values were obtained 
from aliquots of 50 to 100 y of protein by the ultramicrodiffusion method 
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of Tompkins and Kirk (8). By running simultaneous standards and dis- 
tilled water blanks, the error could be reduced to less than 3 per cent. 

Hydrolysis—O0.5 ml. of distilled 6 nN HCl was added to the dried aliquot 
and the protein was hydrolyzed in the sealed ampule at 115° for 24 hours. 
A small fraction precipitated at an early stage which did not dissolve during 
the process. The contents of the ampule were then transferred to a tared 
tube and centrifuged. The weight of the washed precipitate was deter- 
mined and taken into account for the total weight balance. 

Quantitative Amino Acid Analysis—The chromatographic analysis of the 
protein hydrolysate was carried out following essentially the detailed di- 
rections given by Stein and Moore (2-4). Difficulties in preserving the 
ninhydrin reagent were overcome by omitting stannous chloride from the 
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stock solution and adding this labile reducing agent immediately before 
use. 

Recoveries obtained with standard amino acid mixtures were all within 
3 per cent, with the exception of cystine and methionine. Cystine emerged 
as an ill defined plateau rather than a peak, and could not be evaluated 
adequately. Attempts to prevent partial destruction of methionine re- 
mained unsuccessful. In order to assess the probable loss for an unknown 
sample, methionine standards were run before and after chromatography 
of the unknown on the identical column. The recoveries were about 60 
per cent. 

Rechromatography of Overlapping Amino Acids—The hydrolysate from 
about 2.5 mg. of protein was chromatographed on a 0.9 X 30 cm. starch 
column eluted with 1:2:1 n-butanol-n-propanol-0.1 n HCl, followed by 
2:1 n-propanol-0.5 n HCl (4). Previous to such a run, the accurate posi- 
tion of the overlapping peaks, 7.e. leucine-isoleucine-phenylalanine, valine- 
methionine-tyrosine, and alanine-glutamic acid, was determined for the 
given column by running mixtures of these amino acids on the same column, 
The positions of the two early triple peaks were found to be reproducible 
within 0.5 ml. for columns of identical height and packing. The emer- 
gence of the third double peak was best estimated from the observed po- 
sition of the preceding proline peak. At the proper stage, the fraction 
size was changed from 0.5 to 12.5 ml. and the subsequent eluates containing 
the overlapping amino acids were collected in special calibrated test-tubes. 
The collected pool fractions were brought to 13 ml. with solvent, and their 
total amino acid concentration was determined by ninhydrin assay on 0.5 
ml. aliquots with the fractions preceding the pooled fractions for blanks. 
After lyophilization of the remaining solution, the amino acid mixtures 
were ready for rechromatography. 

The first two pooled fractions were combined and refractionated on a 
starch column eluted with n-butanol-benzyl-alcohol-water 1:1:0.288. No 
methionine was found to be present in the hydrolysate of Fraction A. It 
was possible subsequently to calculate accurate valine and tyrosine con- 
centrations directly from the second double peak obtained from the origi- 
nal chromatogram. 

The alanine-glutamic acid fraction was separated by passing its aqueous 
solution through a short column (about 0.6 X 2.5 cm.) consisting of 500 
mg. of the base form of Amberlite IR-4B anion exchange resin (12, 13), 
the flow rate being about 3 ml. per hour. The eluate, including 2 ml. of 
washings, contained all of the alanine. Subsequently the retained glutamic 
acid was eluted with 3 ml. of 0.2 m citrate buffer, pH 5. The amino acid 
concentrations of the neutral and the acidic fraction were determined by 
ninhydrin assay, blanks being provided by water and buffer eluates col- 
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lected after elution of each fraction. Recoveries with standard mixtures 
were within 5 per cent of the correct values. Glutamic acid exposed to 
acidic alcoholic solvent during the chromatographic and the subsequent 
drying process was partly esterified and appeared in the “alanine” fraction 
on ion exchange separation. The resulting error could be corrected by 
mild alkaline hydrolysis with barium hydroxide previous to separation on 
the exchange column. Additional values for glutamic acid and alanine 
were obtained from a remaining smaller aliquot of the same protein prepara- 
tion by fractionation on a starch column run with ¢ert-butanol-sec-butanol- 
0.1 N HCl 2:1:1 mixture. 

Duplicate values obtained from the same preparation analyzed by the 
same procedure agreed within 3 per cent for most of the amino acids pres- 
ent, with the exception of threonine and histidine, the discrepancy of the 
duplicates being 5 to 10 per cent. Ultraviolet extinction, nitrogen factor, 
the total amino nitrogen, and the amide nitrogen values were confirmed 
with a second independent protein preparation containing less than 2 mg. 


Results 


The amino acid data obtained for Fraction A are shown in Table I. 
In view of the established high molecular weight of the protein, conversion 
of the amino acid concentrations into integral numbers of individual resi- 
dues per minimal molecular weight was not attempted. The values listed 
represent averages of at least two independent determinations except those 
for glycine, alanine, and glutamic acid, for which only one reliable value 
was obtained. Aspartic acid and glutamic acid figures are corrected for 
loss on acidic columns (5). A somewhat arbitrary correction for the de- 
struction of serine and threonine on acid hydrolysis of 10 per cent and 6.5 
per cent, respectively, was applied, the equivalent being deducted from 
the amide ammonia found (14). 

Neither cystine nor methionine is present in the acid hydrolysate of 
Fraction A. It is doubtful whether this finding reflects the true situation in 
the intact protein. We were not able to check this by total sulfur assay for 
lack of sufficient material. The two labile sulfur-containing amino acids 
may possibly account for part of the observed 5 per cent weight deficit. 

None of the less common amino acids nor any other unidentified amino 
components are present in detectable amounts. The total pattern shows 
a fairly even quantitative distribution of the individual residues, with the 
exception of the relatively high but certainly not unusual proportion of 
both acidic amino acids. About half of their non-peptide-linked carboxy] 
is present as acid amide, glutamine, or asparagine. Our corrected am- 
monia figure seems to reflect real amide ammonia, since it is confirmed by 
a value obtained following much milder hydrolytic conditions. The nitro- 
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gen content of the total protein was 14.6 per cent, somewhat lower than 
the value estimated previously (1). The analytical data obtained account 
for about 95 per cent of the total protein nitrogen. 

From the data in the third column in Table I it can be calculated that 
the total cationic residues (arginine + histidine + lysine = 97.1 moles 


TABLE I 
Composition of Fraction A, Protein of Lobster Nerve 
Total nitrogen = 14.9 + 0.3 per cent. 
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per 10° gm.) are very closely balanced by the free anionic residues (as- 
partic acid + glutamic acid less amide ammonia = 96.5 moles per 10° 
gm.), not taking into account the phenolic hydroxyl groups which are not 
charged below pH 8. A rough calculation with approximate values for the 
pK of the residues involved (15) indicates that all of the anionic as well as 
cationic, including imidazolyl, residues would be maximally charged and 
their charges balanced between pH 4 and pH 5. This result is in agree- 
ment with the isoelectric point at pH 4.7, determined previously by elec- 
trophoretic measurements (1). 
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The weight balance reveals that the sum total of the residue weights 
represents only 80.32 per cent of the total protein. An additional 14 per 
cent is accounted for by a fraction which becomes water-insoluble on acid 
hydrolysis. This material is mostly soluble in chloroform and has a nitro- 
gen content of only 2 per cent. It is unlikely that this non-protein frac- 
tion is simply a humin product formed on hydrolysis since it separates at a 
very early stage and does not visibly increase in quantity as the hydrolytic 
process continues, showing simply increasing darkening. Our observations 
rather suggest that it originates from associated lipide. Because of the 
small quantities available, it was not possible to analyze the lipide after 
extraction from the intact protein. However, this interpretation would 
be in line with our findings that the high molecular fraction of nerve axo- 
plasm, as found also for squid axoplasm, contains a considerable percentage 
of associated lipide but extremely little carbohydrate. The proportion of 
peptide and “‘lipide”’ fraction could be confirmed with independent prepa- 
rations of Fraction A and was not found to vary with hydrolytic conditions. 
It is therefore reasonable to conclude that this “‘lipide”’ is an integral part 
of Fraction A itself rather than being associated with impurities, which as 
such do not represent more than 10 to 15 per cent, and constitutes an 
additional significant characteristic of this protein. 


SUMMARY 


The quantitative amino acid composition of a highly purified protein 
prepared from lobster nerve has been determined chromatographically. 
The analyses account for about 95 per cent of the total N in terms of amino 
acids and amide ammonia. The preparation contained about 14 per cent 
of non-protein lipide-like material. A modification of the known analytical 
procedures has permitted performance of the analysis on a 5 mg. sample 
of protein. 


This investigation was carried out as part of a comprehensive investiga- 
tion of the properties of nerve and its constituents in progress in this labora- 
tory under the direction of Professor Francis O. Schmitt in collaboration 
with Dr. M. Maxfield, Dr. B. B. Geren, Dr. M. Lubin, and Dr. F. M. 
Snell. The authors wish to acknowledge the interest and cooperation re- 
ceived from this group. 
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STUDIES OF THE UROPORPHYRINS 


III. AN IMPROVED METHOD FOR THE DECARBOXYLATION OF 
UROPORPHYRIN* 


By PAGE R. EDMONDSON anp SAMUEL SCHWARTZ 


(From the Department of Medicine, University of Minnesota Medical School, 
Minneapolis, Minnesota) 


(Received for publication, June 22, 1953) 


The procedure uniformly employed for the decarboxylation of uro- 
porphyrin to coproporphyrin is that described by Fischer and Zerweck (1). 
It involves heating the uroporphyrin in 1 per cent hydrochloric acid for 3 
hours in a sealed tube. Though this method has completely supplanted 
other procedures (2, 3), it has a number of serious deficiencies. Fischer 
and Zerweck noted the presence of an amorphous, black, non-porphyrin 
precipitate in the heated solution, while all investigators have reported 
wide fluctuations in yields when employing several mg. amounts of uro- 
porphyrin. Previous studies from this laboratory (4, 5) described the 
presence in the decarboxylated material of several intermediate porphyrins 
which could be separated by calcium carbonate chromatography of the 
methyl esters. This observation has been confirmed by Prunty (6). Poor 
yields have been especially frequent in our experience when working with 
less than 0.5 mg. quantities of material; at these low levels the porphyrin 
is often completely destroyed. 

The present studies were undertaken in an effort to analyze the signifi- 
cance of various factors in the decarboxylation process. These studies, 
leading to the development of a slightly modified method giving nearly 
quantitative yields, are described below. 


Methods 


Preparation of Sample—A known amount (90 to 300 y) of uroporphyrin 
octamethy] ester in chloroform was deposited in a Carius tube. The 
chloroform was evaporated to dryness, care being taken to remove all 
detectable chloroform vapor. 0.12 ml. of 7.5 n HCl was added, the por- 
phyrin dissolved, and the tube allowed to remain at room temperature for 
lhour or more. 2.88 ml]. of HO were added to bring the concentration 
of acid to 0.3 N (approximately 1 per cent). The tube was sealed with an 
oxygen flame, placed in the oven (see below), and brought to a temperature 
of 180° over a period of 15 to 20 minutes. It remained at this temperature 


* Aided by grants from the Atomic Energy Commission, contract No. AT 
(11-1)-108, and from the Graduate School, University of Minnesota. 
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for 3 hours and was then removed and allowed to return to room tempera- 
ture. As finally adopted, this procedure has been modified by sealing the 
tubes at a reduced pressure. (See experimental section for details.) 

The Carius tubes employed had inner diameters of 1 cm. and were about 
12 cm. long. Uroporphyrin I was used for the decarboxylation studies, 
This material was isolated from the urine of a patient with erythropoietic 
(congenital or photosensitive) porphyria. 

Porphyrin Analysis—The 0.3 n hydrochloric acid solution from each 
tube was decanted into a separatory funnel, and the tube rinsed three times 
with approximately 5 ml. portions of a 4:1 mixture of ethyl acetate and 
glacial acetic acid. After adding a small amount of saturated aqueous 
sodium acetate to neutralize the hydrochloric acid, the porphyrin was 
extracted with ethyl! acetate and further purified for quantitative analysis 
in an aliquot sample as described elsewhere (7). In calculating copro- 
porphyrin yields, a correction factor of 1.44 was applied in order to take 
into account the difference in molecular weight of uroporphyrin octa- 
methyl ester and free coproporphyrin. 

The porphyrin was extracted from the remaining ethyl acetate by shak- 
ing three times with 1 ml. portions of 3 N hydrochloric acid. To this were 
added 50 volumes of methyl alcohol-sulfuric acid (19:1) for esterification. 
The esterified porphyrin was extracted with chloroform and purified by 
calcium carbonate chromatography (4). Concentrations of porphyrin 
methy] esters in chloroform were determined colorimetrically. 

Oven—The resistance type oven which was employed permitted temper- 
ature control to within 0.5°. 


EXPERIMENTAL 


Studies were made of a number of possible variables in Fischer and Zer- 
weck’s method in order to ascertain the optimal conditions for the de- 
carboxylation. These may be summarized as follows: 

Effect of Changes in Temperature—Samples of uroporphyrin in 1 per cent 
hydrochloric acid were sealed in Carius tubes and heated for 3 hours at 
temperatures of 145-220°. An average yield of 45 per cent (range 0 to 
84 per cent) was obtained under the conditions recommended by Fischer 
and Zerweck (3 hours heating at 180°). There was no conversion to co- 
proporphyrin at 145°, all the porphyrin remaining in the aqueous washes. 
At 160-170° the average yield was 43 per cent, with a range of 0 to 79 
per cent. Most of the porphyrin was destroyed at 220°, the water washes 
then being free of porphyrin fluorescence. Increasing amounts of black 
non-fluorescing precipitate were regularly encountered at temperatures of 
180° or more. 

Effect of Changes in Glass and in Decarboxylating Solutions—Because 
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yarious types of glass Carius tubes had been employed in previous studies, 
decarboxylations were carried out in Carius tubes made of Pyrex, Jena, or 
No-Sol-Vit glass. No significant differences were observed. 

Decarboxylations were also attempted in 1 per cent sulfuric acid, in 4 
per cent phosphoric and trichloroacetic acids, and in quinoline and pyridine 
(2) with and without a copper catalyst. No conversion to coproporphyrin 
was observed in any of these studies. 

Effect of Changes in Gas and Gas Pressure in Decarboxylation Tube—To 
test the possibility that losses might be due to oxidative reactions, three 
tubes each were alternately evacuated to 2 mm. mercury pressure and 
flushed with either 100 per cent nitrogen or 95 per cent oxygen-5 per cent 


TaBLe [| 


Effect of Gas Change or Reduced Gas Pressure on Decarboxylation 
of Uroporphyrin to Coproporphyrin 





























Per cent copro yield 
Pressure Gas Temperature | No. of analyses 
Range Average 
mm. Hg . 

+760* Air 180 16 0-84 45 
+760 95% O2 180 3 32-44 38 
+760 N2 180 3 71-72 71 
75 Air 180 4 77-86 80 
2-25 ” 180 13 86-100 96 
2-25 o 160 5 84-100 93 
2-25 - 190 4 84-100 94 





All samples sealed at the pressures noted and heated for 3 hours. 
* Atmospheric pressure. 


nitrogen in an enclosed system. All tubes were sealed with either of the 
above gases at atmospheric pressure. Other tubes were evacuated to 2 
to 75 mm. of mercury pressure and sealed at the reduced pressure desired. 
An aspirator type water pump was used to obtain pressures of 75 mm. 
mercury, while a Duo-Seal vacuum pump was employed to achieve pres- 
sures of 2 to 25 mm. of mercury. During the period of evacuation the 
tubes were immersed in an ice water bath and tapped frequently to reduce 


_the tendency to “bumping.” Evacuation at the desired pressure was 


maintained for 20 minutes and then continued until sealing was complete. 

As shown in Table I, nearly quantitative yields were obtained in tubes 
sealed at 2 to 25 mm. of mercury pressure, while slight losses were observed 
in tubes sealed in air at a pressure of 75 mm. of mercury or in a N» atmos- 
phere. Tubes sealed in an oxygen atmosphere gave results similar to 
those sealed in air. 
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Except in a few experiments in which 1 to 10 mg. of uroporphyrin was 
employed, no black precipitate was visible in tubes sealed at a pressure of 
2 to 25 mm. of mercury. 

Calcium carbonate chromatography of the esterified porphyrin revealed 
that essentially all moved down as a single sharp zone. A narrow un- 
identified zone, never amounting to more than 9 per cent of the total, was 
sometimes seen above the coproporphyrin zone. Coproporphyrin I was 
readily obtained in crystalline form from the main zone. Isomeric analysis 
(8) likewise showed that this zone contained only the type I isomer. 

Of special interest was the decarboxylation of 15 y of crystalline uro- 
porphyrin obtained from a liver biopsy of a patient with porphyria. 11 
y of free coproporphyrin (96 per cent yield) were recovered. Following 
esterification and chromatography, 9 y of coproporphyrin ester were still 
available for quantitative isomeric analysis. 


DISCUSSION 


The decarboxylation of uroporphyrin to coproporphyrin and isomeric 
analysis of the latter compound are of importance because of the well 
known tendency of uroporphyrin and other ether-insoluble uro type por- 
phyrins to crystallize in the form of mixtures which are difficult if not im- 
possible to resolve with present techniques. Furthermore, melting point 
determinations of the uroporphyrin methyl esters may be of no help in 
determining the isomeric structure (4, 5, 9). 

Since the chemical nature of the black precipitate observed in tubes 
sealed at atmospheric pressure in air or oxygen is unknown, no statement 
can be made regarding the exact mechanism of porphyrin loss under these 
conditions. It would appear, however, that this loss is oxidative in char- 
acter. Improved yields obtained in tubes sealed in the presence of ni- 
trogen at atmospheric pressure indicate that the gas pressure at the time 
of sealing is itself not the critical factor. If oxygen is the key factor, it 
would seem that its presence not only causes excessive degradation of the 
uroporphyrin, but also inhibits the decarboxylation process itself. 

It is of interest that Jordan (10) unsuccessfully attempted decarboxyla- 
tion of presumably dry uroporphyrin under reduced pressure. Since the 
original report is unavailable, the precise conditions employed are un- 
known. 


SUMMARY 


The method described by Fischer and Zerweck for the decarboxylation 
of uroporphyrin to coproporphyrin has been modified by sealing the de- 
carboxylation tube at pressures of 2 to 25 mm. of mercury. This modifica- 
tion is shown to increase the efficiency of decarboxylation and reduce 
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undesirable side reactions so that nearly quantitative yields of copropor- 
phyrin are regularly obtained. The procedure has been successfully 
applied to as little as 15 y of uroporphyrin methyl ester. 
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THE MUCOPOLYSACCHARIDES OF BOVINE CORNEA* 


By KARL MEYER, ALFRED LINKER, EUGENE A. DAVIDSON, anp 
BERNARD WEISSMANN 


(From the Department of Medicine, College of Physicians and Surgeons, Columbia 
University, and the Edward Daniels Faulkner Arthritis Clinic, Presbyterian 
Hospital, New York, New York) 


(Received for publication, June 23, 1953) 


The mucopolysaccharides isolated from various mesodermal tissues have, 
in several instances, been shown to consist of complex mixtures, and not of 
single compounds as was believed formerly. In view of the rather contra- 
dictory findings reported in the literature, it was thought advisable to 
reinvestigate the mucopolysaccharide fractions of the cornea. In this pa- 
per, the separation of three distinct non-dialyzable acid mucopolysaccha- 
rides is reported. These, in the order of their precipitation in our frac- 
tionation procedure, are (1) a chondroitin sulfate, (2) a uronic acid and 
hexosamine-containing polymer apparently similar to hyaluronic acid, and 
(3) a polymer composed of N-acetylglucosamine, galactose, and sulfate in 
equimolar proportions. This third compound, a novel type of sulfated 
mucopolysaccharide, we propose to name keratosulfate. 


EXPERIMENTAL 


Analytical Methods—Most of the analytical procedures used in this work 
have been described in earlier papers (1, 2). 

Preparation of Fractions—Two large batches of bovine cornea! were col- 
lected, stored under acetone, filtered, dried in air, and cleaned of adhering 
tissue. 537 gm. of cornea were soaked in water, ground in a meat grinder, 
and suspended in about 5 liters of water. The pH was adjusted to about 
1.5 with 8 n HCl, and 10 gm. of pepsin were added. The mixture was 
covered with a layer of toluene, incubated at 37°, and readjusted to pH 
1.5 when necessary. After 72 hours, most of the material was liquefied. 
The mixture was neutralized, a suspension of 15 gm. of trypsin was added, 
and the incubation was continued for another 24 hours. Some fat and 
floating particles were removed by filtration through cloth. Solid calcium 
acetate dihydrate was added to a concentration of 25 gm. per liter and 
glacial acetic acid to 0.25 n. The crude polysaccharides were precipitated 

* Supported by grants from the Helen Hay Whitney Foundation and the United 
States Public Health Service. 

'We are greatly indebted to Dr. J. Seifter of Wyeth, Inc., for the gift of this 
material. 
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with 1.2 volumes of ethanol, left for 24 hours at 4°, and centrifuged. The 
precipitate was washed with 80 per cent ethanol, dissolved in 800 ml. of a 
mixture of 5 per cent sodium acetate and 0.5 N acetic acid, and stirred 
with chloroform-amyl] alcohol mixture (3). To the clear aqueous layer 
obtained on centrifugation, 1.5 volumes -of ethanol were added. The re- 
sulting precipitate was centrifuged, washed, and redissolved in 500 ml. of a 
solution of 5 per cent sodium acetate containing 0.5 N acetic acid. The 
solution was stirred with 20 gm. of Lloyd’s reagent, filtered, and treated 
with 1.5 volumes of ethanol. The precipitate was washed with 80 per cent 
alcohol and redissolved in 360 ml. of water. The solution was cleared by 
centrifuging at 14,000 r.p.m. and mixed with calcium acetate and acetic 
acid, final volume 720 ml. (calcium acetate concentration 5 per cent, acetic 























TasBLe [ 
Analysis of Corneal Mucopolysaccharide Fractions 
Fraction No. | (Alcobol | weight! es‘iany | Hezoe acid (052)  Sulfate| Acetyl | Hexose §| fajy 
- per cent gm. per cent ‘percent| percent per cent per cent | per cent degrees 
I 20 0.94 | 3.09 | 29.4] 34.8 | 13.2 —37t 
II 30 2.94 | 3.19 | 30.4 37.2 9.5 
III 40 | 3.23 | 3.60 | 25.8| 28.5 | 5.6 
IV-A 40 0.64 | 3.68 | 22.3 1.3. | 14.3 
IV-B 50 5.27 3.24 | 33.4 2.0 | 18.4 10.4 36 | +4.5 











* Trevelyan and Harrison (4). 
t The rotation was determined after one more reprecipitation of this fraction. A 
fraction corresponding to Fraction I had [a]y —43°. 


acid concentration 0.5 N). This solution was fractionated with alcohol, 
added dropwise with vigorous stirring. Each fraction was left for at least 
24 hours at 4° and centrifuged at 0°. The first three fractions were col- 
lected at 20, 30, and 40 per cent ethanol, respectively. The fourth frac- 
tion, which precipitated at 50 per cent ethanol concentration, was redis- 
solved and refractionated at 40 per cent and 50 per cent ethanol. In Table 
I, analytical data of these fractions are summarized. All the fractions 
listed in Table I contain an excess of nitrogen over that calculated from 
the hexosamine content. For example, the molar ratio of hexosamine to 
nitrogen in Fraction IV-B is 0.81 and of sulfate to nitrogen 0.83. 
Chondroitin Sulfate Fraction—The analysis of Fraction I indicated a 
compound composed of equimolar concentrations of hexosamine, uronic 
acid, and sulfate. It. was hydrolyzed by testicular but not by pneumococ- 
cal hyaluronidases, as shown by both the turbidimetric and reductimetric 
methods used in this laboratory (5). In order to decide whether the com- 
pound was a mucoitin or a chondroitin sulfate, the hexosamine was isolated 
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as the crystalline hydrochloride in two fractions; both showed mutarota- 
tion, upwards; [a], at equilibrium +97° and +92°, respectively. The 
total yield (calculated from the hexosamine content) was 71 per cent. 
From its rotation, the amino sugar is obviously chondrosamine. On the 
basis of its composition, its hydrolysis by testicular hyaluronidase, and 
the isolation of chondrosamine after acid hydrolysis, this polysaccharide 
appears to be a chondroitin sulfate. It resembled chondroitin sulfate A in 
its solubility. 

Low Sulfate Fraction—The presence of a sulfate-free component was 
indicated by the analysis of Fractions II and III (Table I). The separa- 
tion of such a component proved extremely difficult. Further alcohol 
fractionation of Fractions II and III, as calcium or zinc salts, failed to 
lower the sulfate content in any fraction. (NH4)2SO, and pyridine (6, 7), 
which precipitate hyaluronic acid from extracts of umbilical cord and sep- 
arate it from chondroitin sulfate, gave a negligible precipitate. From the 
supernatant solutions after dialysis, the unchanged mixture was recovered. 
On electrophoresis, nevertheless, two rapidly migrating fractions were ob- 
served which, however, were very poorly separated. A partial separation 
of the low sulfate fraction was achieved by adsorption on a column of 
Dowex 1 X 1 (chloride) and elution with 10 per cent calcium acetate. 
The preparation so obtained (N 2.61, hexosamine 32, uronic acid 36 per 
cent, molar ratio to N 0.96 and 0.99, respectively, sulfate 2.9 per cent, 
laj”” —21°) was hydrolyzed at a rate comparable to that of hyaluronic 
acid by both testicular and pneumococcal hyaluronidase, whereas the origi- 
nal fractions containing 6 per cent sulfate or more were resistant to pneu- 
mococcal hyaluronidase, but were hydrolyzed by testicular enzyme. 

Keratosulfate Fraction—The presence of a sulfated, uronic acid-free mu- 
copolysaccharide was first suspected when fractions were isolated, which 
contained only 0.5 mole of uronic acid per mole of hexosamine. One such 
fraction, for example, had the following composition: N 3.17, hexosamine 
31.2, uronic acid (CO2) 15.2, sulfate 15.0 per cent. After dialysis and 
refractionation as the calcium salt, two fractions were obtained, one con- 
taining 32 per cent hexosamine, 6.1 per cent uronic acid, and 32 per cent 
hexose (as galactose) by the anthrone reaction (4); the other containing 33 
per cent hexosamine, 38 per cent uronic acid, and 7 per cent hexose (as 
galactose). Nitrogen, hexosamine, sulfate, acetyl, and hexose in kerato- 
sulfate (Fraction IV-B) are apparently present in equimolar concentrations, 
while the uronic acid presumably represents a contamination of about 5 
per cent with the hyaluronic acid-like compound. The acetyl appears to 
be present as N-acetyl, since the ninhydrin reaction before hydrolysis was 
negative. 


The hexosamine of Fraction IV-B was isolated as the hydrochloride in a 
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yield of 70 per cent and shown to be glucosamine (first crop, N = 6.6 per 
cent, [a] , +73° (final); second crop, [a], +71.5°; m.p. of N-carbobenzoxy 
derivative 207—208°) (8). Galactose was indicated by paper chromatog- 
raphy with butanol-acetic acid-water in a ratio of 50:12:25, with aniline 
trichloroacetate as the spotting reagent (9). It was identified as the 
a-methylphenylhydrazone. 500 mg. of Fraction IV-B were hydrolyzed in 
a boiling water bath for 4 hours with 10 ml. of N sulfuric acid, neutralized 
to pH 7.0 with barium hydroxide, and filtered. Hexosamine and inor- 
ganic cations were removed from the solution by adsorption on Dowex 
50, the eluate and washings were concentrated to dryness, and the a- 
methylphenylhydrazone was prepared according to van der Haar (10); 
yield after three recrystallizations 37 mg., m.p. 179-181° (uncorrected), 
mixed m.p. 179-180°. The hexose content, determined by the anthrone 
reaction (4), was 36 per cent (as galactose) in both batches. There was 
no evidence of any hexose other than galactose. 

Since keratosulfate contains glucosamine and galactose, its possible rela- 
tion to blood group substances was tested by complement fixation with 
anti-A and anti-B serum and for precipitation with a type XIV pneumococ- 
cus antiserum. All tests were negative.” 

Attempts to hydrolyze keratosulfate enzymatically have thus far been 
unsuccessful. The enzymes used were testicular and bacterial hyaluroni- 
dases, commercial emulsin, malt diastase, ‘“polidase,”’ purified 8-galacto- 
sidase of alfalfa (11), lysozyme, crude liver extracts containing 6-glucuroni- 
dase and 6-glucosaminidase, extracts prepared from a strain of Clostridium 
welchii, and aqueous extracts of bovine cornea. 

The yields (calculated on the basis of hexosamine, uronic acid, and sul- 
fate content) of total mucopolysaccharide in two separate experiments 
were 1.8 per cent of the dry weights of the starting material distributed in 
the three fractions as follows: chondroitin sulfate fraction 20 and 26 per 
cent, sulfate-free fraction 27 and 21 per cent, keratosulfate fraction 47 
and 50 per cent. 


DISCUSSION 


In a recent paper, Woodin (12) has discussed the composition of muco- 
protein and mucopolysaccharide components of the cornea. He obtained 
an electrophoretically homogeneous sulfated fraction in which, after hydrol- 
ysis, galactose, glucosamine, and galactosamine, and an acidic fraction 
not further identified, were demonstrated by paper chromatography. All 
fractions were resistant to testicular and bacterial hyaluronidases. Gardell 
(13) also reports the isolation of both hexosamines from a mucopolysac- 


2 We are greatly indebted to Dr. 8. Leskowitz and Dr. M. Heidelberger for these 
tests. 
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charide fraction of bovine cornea. Satoh (14) isolated a sulfated muco- 
polysaccharide fraction, [a], —25.4°, composed of equimolar concentra- 
tions of hexosamine, acetyl, hexuronic acid, and sulfate. 

In this laboratory, Meyer and Chaffee (15) isolated a mucopolysaccha- 
ride containing sulfated hexosamine and uronic acid; the hexosamine iso- 
lated in a yield of less than 40 per cent from a crude fraction proved to be 
p-glucosamine. On this basis, Levene’s (16) finding of a mucoitinsulfuric 
acid in cornea was believed to be confirmed. It was suggested, on the 
basis of the enzymatic hydrolysis of a number of cornea fractions and its 
optical rotation, that the ‘‘polysaccharide” was monosulfated hyaluronic 
acid. A fraction similar to keratosulfate was not encountered and was 
presumably lost in the fractionation. 

The mucopolysaccharide fractions of the cornea differ in several respects 
from those of loose connective tissue, i.e. tendon, heart valves, and large 
blood vessels, from which two or three mucopolysaccharides have been 
isolated by procedures similar to those employed in the present study. 
Those are chondroitin sulfate B, chondroitin sulfate C, and in some in- 
stances a hyaluronic acid-like fraction. The chondroitin sulfate B fraction 
is resistant to bacterial and testicular hyaluronidases and is thus clearly 
different from the corresponding first fraction of the cornea. The latter 
closely resembles that of hyaline cartilage in solubility, composition, and 
hydrolysis by testicular hyaluronidase. This is the first instance in which 
such a fraction has been found in a non-cartilaginous tissue. 

Components resembling hyaluronic acid are encountered in many types 
of connective tissue. In some instances, their separation from sulfated 
fractions proves difficult; in others a separation is achieved easily.* 

The difficulty experienced in separating a sulfate-free hyaluronic acid- 
like fraction from sulfated components of the cornea is noteworthy and 
may indicate an unusual polydispersity of the fractions. The fraction with 
the lowest sulfate content resembles hyaluronic acid in the rate of hydrol- 
ysis by testicular and bacterial hyaluronidase. Its rotation, however, 
is considerably lower than that of hyaluronate from other sources, even 
when allowance is made for contamination by the sulfated fractions. 

The third and largest component, keratosulfate, is the only sulfated 
polysaccharide of animal origin which does not contain a uronic acid as 
one of its main constituents; compare with heparin, the chondroitin sulfates, 


‘In past experiments in which an alkaline extraction was used, the probable 
absence of hyaluronic acid in tendon, heart valves, and aorta has been noted (17). 
In some preparations, a hyaluronic acid-like fraction was recovered from tendon. 
Recently a similar fraction was also found in extracts of heart valves. All fractions 
contained considerable non-dialyzable sulfate. Whether or not these fractions 
represent hyaluronic acid and how far they resemble the hyaluronic acid-like fraction 
of cornea, we are unable to decide at present. 
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and mucoitin sulfate of gastric mucosa (18, 19). As yet no indication of 
the presence of keratosulfate in tissues other than cornea has been found. 
In other connective tissue, chondroitin sulfate C may substitute for kerato- 
sulfate. In any case, the latter is precipitated by alcohol under conditions 
similar to those under which keratosulfate is obtained from extracts of the 
cornea. 


SUMMARY 


From bovine cornea, three distinct mucopolysaccharide fractions were 
obtained. On the basis of their analysis, their enzymatic hydrolysis, and 
some of their hydrolysis products, they have been identified as (1) chon- 
droitin sulfate, (2) a fraction resembling hyaluronic acid, and (3) a sul- 
fated mucopolysaccharide, composed of equimolar quantities of glucosamine, 
acetyl, galactose, and sulfate, for which we propose the name keratosulfate. 
The last represents approximately half of the total mucopolysaccharide 
fraction of the cornea. 
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METALLOPORPHYRINS 
VIII. COORDINATION OF FERROMESOPORPHYRIN WITH PROTEINS* 


By LAWSON L. ROSENBERGt anp W. MANSFIELD CLARK} 


(From the Department of Physiological Chemistry, School of Medicine, The Johns 
Hopkins University, Baltimore, Maryland) 


(Received for publication, June 2, 1953) 


Bertin-Sans and Moitessier (1) demonstrated that the absorption spec- 
trum, first observed by Stokes (2), which is produced when alkali is added 
with a reducing agent to a solution of the blood pigment, is not attributable 
to the prosthetic compound of the blood pigment alone, but is that of a 
complex between the metalloporphyrin and protein. They noted that 
previous workers, who had demonstrated this spectrum by reducing the 
metalloporphyrin, had used nitrogenous reducing agents or ammoniacal 
solutions. They also showed that when ferriprotoporphyrin is reduced in 
the presence of any one of several other proteins, or in the presence of 
certain simple nitrogenous substances, the same absorption spectrum is 
produced. Modern instruments show the spectra to be remarkably uni- 
form from case to case. Such an absorption spectrum has come to be re- 
garded as typical of what Hoppe-Seyler (3) called a hemochromogen. 

Despite the early observations of Bertin-Sans and Moitessier, there re- 
mained a great deal of confusion regarding “hhemochromogens” due partly 
to lack of definite knowledge regarding the constitution of the blood pig- 
ment, of its prosthetic compound and the changes that these may undergo, 
and partly to a very confusing multitude of names for substances known or 
postulated. It was not until the papers by Anson and Mirsky (4, 5) 
and Keilin (6) were published that the subject was clarified. They con- 
firmed the findings of Bertin-Sans and Moitessier and applied the con- 
cepts of equilibria to the reversible formation of “hemochromogens” from 
ferroprotoporphyrin and either a protein or a nitrogenous substance like 
pyridine. 

In some of the more recent literature one finds the implication, or asser- 
tion, that a protein necessarily must be altered (‘‘denatured’’) before it can 

*A condensation of the experimental part of a dissertation submitted to the 
Board of University Studies, The Johns Hopkins University, by Lawson L. Rosen- 
berg in conformity with the requirements for the degree of Doctor of Philosophy. 

t Henry Strong Denison Scholar, 1949-50; Life Insurance Medical Research Fund 
Predoctoral Fellow, 1950-51. Present address, Department of Plant Nutrition, Uni- 
versity of California, Berkeley, California. 

t Present address, Department of Chemistry, The Johns Hopkins University, 
Baltimore, Maryland. 
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form a complex having the ineptly called “hemochromogen” spectrum, 
Drabkin (7-10), in a series of abstracts, reports good use of the progressive 
development of such an absorption spectrum in following the alteration of 
proteins. Because of this trend of thought it should be stated explicitly 
that our investigation offers no definite contribution to the subject of 
protein denaturation, the purpose being to give a somewhat more sys- 
tematic description of the facts than has been available and to do so without 
preconceptions. It is true that the conditions obtained in most of the ex- 
periments, particularly those reported in the following sections, will be 
recognized as those which are conducive to rapid “denaturation” of the 
proteins. On the other hand, there are cases in which the typical absorp- 
tion spectrum appears so rapidly as to make one suspect that denatura- 
tion is not an absolute necessity, although it undoubtedly plays a part in 
most, if not all, instances. 

Inasmuch as the term “hemochromogen”’ is not a good term and has 
been applied in a wide variety of ways, we here use the nomenclature based 
on a policy stated by Clark ef al. (11). The definite nature of the bonding 
between a reduced metalloporphyrin and a protein is not under investi- 
gation, but rather the presumed constitution of the complex. Thus the 
complex formed from ferromesoporphyrin IX and human serum albumin, 
which exhibits the spectrum that is typical of complexes of iron porphyrins 
and nitrogenous substances, is called human serum albumin ferromeso- 
porphyrin [IX H, the H being used to differentiate one complex from 
another with a different absorption spectrum. 

In our studies we have chosen to use ferromesoporphyrin as the metallo- 
porphyrin in view of its stability in alkaline solution. 


Preparations 


Ferrimesoporphyrin was prepared from calf and human blood accord- 
ing to the scheme described in Paper VII of this series by Cowgill and 
Clark (12). 

The proteins were in most cases highly purified crystalline samples; 
egg albumin recrystallized five times, chymotrypsinogen recrystallized three 
times, and crystalline pepsin, all donated by Dr. R. M. Herriott, human 
plasma protein fractions consisting of albumin (Fraction V), y-globulin 
(Fraction II), and a-globulin (Fraction V-1), donated by the University 
Laboratory of Physical Chemistry Related to Medicine and Public Health, 
Harvard University, 8-lactoglobulin donated by Dr. R. C. Warner, gelatine 
(intravenous 6 per cent) donated by Dr. D. Tourtellotte of the Knox Gela- 
tine Company, Inc., zein from corn and squash globulin donated by Dr. 
H. B. Vickery, zinc insulin and salmine donated by Eli Lilly and Company, 
edestin from Hoffmann-La Roche, casein from the Difco Laboratories, and 
human globin prepared in this laboratory by the authors. 
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Methods 


Preparation of Solutions—Samples for an experiment usually were pre- 
pared by adding proper aliquots of protein dissolved in 0.1 n KOH or the 
appropriate buffer to aliquots of ferrimesoporphyrin in the same solvent 
and diluting to volume with the proper diluent (0.1 Nn KOH or the appro- 
priate buffer). Each sample was brought to 30° in a water bath, poured 
into a cuvette, a bit of solid sodium dithionite (Na:S.O,) added (approxi- 
mately 5 mg.), and the cuvette stoppered with the exclusion of air bubbles 
and shaken to allow mixing. The optical density at the appropriate wave- 
length, which in some cases became constant almost immediately, was 
measured in the appropriate spectrophotometer against a standard which 
contained protein and dithionite of the same concentration as the sample. 
In some cases the samples were reduced and allowed to ‘‘age”’ for several 
hours before the optical densities were measured. The significance of this 
“aging”’ will be discussed in another place. 

Instruments and Measurements—The spectrophotometers, hydrogen and 
glass membrane cells, systems of standardizing pH, etc., are described in 
Paper VII (12) of this series. 


Results 


Ferromesoporphyrin and Human Serum Albumin in 0.1 m KOH As Model 
System 

When any one of a number of proteins is added to ferromesoporphyrin 
in alkaline solution, the diffuse absorption of ferromesoporphyrin in the 
visible regions of the spectrum is replaced by the “‘hemochromogen’’ pat- 
tern, which is typical of the complexes of ferroporphyrins and nitrogenous 
substances. The spectrum is characterized by two absorption bands in 
the visible region, a sharp one centered about 548 my and a broader one 
centered about 520 my; the absorption of ferromesoporphyrin in the Soret 
region at 411 my is greatiy sharpened. The optical densities at these 
wave-lengths increase and finally become constant as the concentration of 
protein increases. The wave-lengths for maximal absorption do not vary 
by more than 1 my as one protein is substituted for another. The absorp- 
tion bands are located about 11 my less than those of the corresponding 
compounds of ferroprotoporphyrin. - This observation is in agreement with 
the findings of Hill and Holden (13). 

The experiments were of two main types; in one kind the concentration 
of the metalloporphyrin was constant and that of protein varied, while in 
the other the concentration of protein was constant and that of metallo- 
porphyrin varied. 

Plots of optical density versus the logarithm of protein concentration 
for experiments in which the concentration of metalloporphyrin is con- 
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stant give S-shaped patterns with lower and upper asymptotes. Analysis 
of the data was attempted by the method of Clark et al. (11, 14-17) on the 
basis of the following propositions: 

I. The ferromesoporphyrin combines with the protein to produce the 
protein ferromesoporphyrin H spectrum. 

II. The lower asymptote approaches the optical density due to the ab- 
sorption of completely unbound ferromesoporphyrin. 

III. The upper asymptote approaches the optical density due to the ab- 
sorption of completely bound ferromesoporphyrin. 
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Fia. 1. Relation of log per cent protein (weight basis) to degree of transformation 
of ferromesoporphyrin for the case of human serum albumin in 0.1 n KOH. The 
solid line is the theoretical curve for ky = 2.0 X ./2 X 10? (see the text). Total 
metalloporphyrin, Sy, is constant and equals 2.00 X 10-' mM; O, A = 520 my; @,A = 
548 my. The numbers above the circles are the calculated numbers of metallo- 
porphyria molecules bound per protein molecule. 





IV. Intermediate optical densities are due to the absorption of the two 
species, bound and unbound ferromesoporphyrin. 

The data indicate that bound ferromesoporphyrin in 0.1 n KOH obeys 
Beer’s law within the concentration range studied; ferromesoporphyrin 
alone in 0.1 Nn KOH in the same concentration range also approximately 
obeys Beer’s law. However, we shall present later some evidence con- 
cerning the combination of hydroxy] ion with the metalloporphyrin which 
may necessitate a qualification of the simple picture presented here. 

Fig. 1 shows data from an experiment plotted on the basis of the above 
propositions in terms of a, the fraction of the total ferromesoporphyrin 
present as the bound species; a is calculated from the spectrophotometric 
data according to the equation 
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where D is the optical density for a particular wave-length for a solution 
containing protein and ferromesoporphyrin at a given total concentration, 
Su. D, and D, are, respectively, the optical densities at the same wave- 
length for completely unbound and completely bound ferromesoporphyrin 
at the same Sy. 

As will be indicated later, the binding of ferromesoporphyrin to some 
proteins is sufficiently firm to justify the postulate that when the protein 
concentration is low and the metalloporphyrin is in excess the metallo- 
porphyrin in the complex is distributed over several sites and that as the 
protein concentration increases there is a redistribution. Accordingly as 
the protein concentration increases, although more total metalloporphyrin 
molecules are bound, a smaller number is bound per protein molecule. 
Since these numbers of ferromesoporphyrin molecules bound per protein 
molecule represent statistically mean values, non-integral numbers are 
allowed and have meaning. 

Inasmuch as experience has shown little change in absorption coefficients 
as well as almost identical wave-lengths for the “peaks” of the absorption 
curves when one simple nitrogenous base is substituted for another, relation 
(1) might well hold approximately, even if there are different kinds of loci 
for attachment of a metalloporphyrin to one or another protein. This 
should be recognized as a limitation of the experimental method. In any 
event there is a linear relation between optical densities and concentration 
of the ferromesoporphyrin when, in each case, sufficient protein has been 
added to bind all available metalloporphyrin. 

Klotz et al. (18) have developed a useful equation for the formulation of 
data describing the addition of a ligand to proteins. They begin with the 
proposition that a protein molecule contains n identical sites for reaction 
with a given kind of ligand. If the addition of each succeeding ligand 
molecule to a particular protein is unaffected except in a statistical way by 
the addition of preceding molecules, then the reaction may be charac- 
terized by an intrinsic binding constant. The final equation is equation 
(2) changed here in symbols only. 


ae ee A (2) 


ris the number of ligand molecules bound, on the average, to a protein 
molecule, ko is the intrinsic binding constant, [R] is the molar concentration 
of ligand free at equilibrium, and n is the maximal number of available 
sites. It should be possible to test the validity of these propositions and 
to determine the values of n and ky for any particular case in which data 
can be obtained, since a plot of 1/r versus 1,[R] should give a straight 
line. The intercept on the y axis is 1,/n and the slope is 1/nko. 
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Dialysis, diffusion, and sedimentation studies by Zeile and Reuter (19), 
Haurowitz et al. (20), and Gralén (21) and by Shack and Clark (22) indicate 
that ferriporphyrins in aqueous solution exist in very large aggregates; 
the particle weight is a function of, among other variables, temperature, 
ionic strength, and pH. While no comparable data are available for the 
case of the reductants, the ferroporphyrins, the work of Clark and his co- 
workers indicates at least that when ferriprotoporphyrin is reduced there 
is reflected in some of the oxidation-reduction data no change in the state 
of aggregation of the metalloporphyrin. However, they have shown that 
the reaction of ferri- and ferroporphyrins with coordinating substances 
may be formulated as if these metalloporphyrins exist in solution in dimeric 
units which are split on the addition of the coordinating base. They 
reconcile the large, variable particle weights and the apparent existence of 
dimeric units by proposing that the energetic interaction between the parts 
of the micellae is so weak that some of the data do not reflect the inter- 
action and certain relationships may be formulated as if the molecules 
were dispersed in dimeric units. 

We have recast the Klotz equation in terms of the proposition that the 
ferromesoporphyrin exists in solution solely as the dimer which is split 
upon reaction with the protein. We then obtain equation (3). 


1 2) 1 1 
+ z (3) 


7 ake © iI 
[R] is the concentration of unbound ferromesoporphyrin at equilibrium 
expressed on a molar basis so that [R]| is numerically equal to twice the 
concentration of dimer and kp» is the intrinsic association constant, as if 
each addition were the type }3RR + P=—PR. RR represents the dimeric, 
reduced metalloporphyrin and P represents protein. The other symbols 
have the same significance as in equation (2). For two experiments in 
which the concentration of protein was constant and that of metallo- 
porphyrin was varied, a “best line’ conforms to the data obtained with 
equation (3) much better than to those obtained with equation (2). 
Scatchard (23) uses a form of equation (4) for treating data concerning 
the addition of small molecules to proteins. His equation has been changed 
here in symbols and modified to include the splitting of dimeric ferromeso- 
porphyrin. 


r _ he 
Rp a" -” (4) 


Fig. 2 shows the data from the same two experiments described above, 
plotted according to equation (4). We have been able to calculate from 
the constants obtained with equations (3) and (4) a curve which fits very 
well the original experimental data. 
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Equation (3) may be rearranged for the reverse case of constant metallo- 
porphyrin and varying protein concentration to give 


log [protein] = (5) 


1 2} a koSut (1 — a)! 
log a + log ke + log Sui + log G@-al + log E oo en poe 


[Protein] is the molar concentration of protein. Sy is the total metal- 
loporphyrin concentration expressed on a monomolecular basis, @ is that 
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Fic. 2. Data pertaining to the combination of ferromesoporphyrin and human 
serum albumin in 0.1 N KOH treated according to the formulation proposed by 
Scatchard and modified to include the splitting of dimeric ferromesoporphyrin (see 
the text). The intercept on the r axis is the maximal number of binding sites, n. 
Calculated, n = 18. Intercept on the r/[R]" axis is kon/2° from which ko is calculated 
tobe 2.9 X +/2 X 10%. O, protein concentration = 0.01 per cent (weight per weight) ; 
@, protein concentration = 0.02 per cent (weight per weight). 


fraction of the total metalloporphyrin which exists as the bound species, 
nand ko are as previously defined, and log is the logarithm to the base 10. 

For the case of constant metalloporphyrin concentration, if values of log 
[protein] are plotted as abscissas versus values of a as ordinates, the shape 
of the curve is a function of the values of ky and Sy, while the position 
of the curve along the log [protein] axis is determined by the constants 
n, ko, and Sy. With a given value of n and the experimentally determined 
value of log [protein] required to produce a given value of a, it is possible 
to calculate a value of ky which will satisfy equation (5). Table I shows the 
values of kp calculated in this way for five experiments from the data at 
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a = 0.5; n was taken to be 18 from the Klotz and Scatchard types of treat- 
ment. The agreement between four of these five constants is almost 
perfect. However, there is a discrepancy between the mean value of the ky 
for these experiments and the corresponding value for the reverse type of 
experiment in which the protein is constant and metalloporphyrin varied, 
Fig. 1 shows the agreement of the experimental data from one of the five 
experiments with the theoretical curve for a versus log [protein] calculated 
from equation (5) with use of the experimentally determined constants. 


TaBLeE I 
Ferromesoporphyrin IX and Human Serum Albumin in 0.1 n KOH 


The concentration of metalloporphyrin, Sy, is constant and the concentration 
of protein is varied. The constants are calculated from spectrophotometric data 
for \ = 548 mp. The maximal number of binding sites is assumed to be 18 and the 
molecular weight of the albumin is assumed to be 70,000. ko is the intrinsic bind- 
ing constant. 





Su ko 
ol : endies gar I. = ee oe 
1.0 X 10-5 2.0 xX V2 X 10? 
1.4 X 10-5 2.2 V2 xX 10° 
2.0 X 10% 2.0 X V2 X 10° 
2.9 X 10-5 2.0 X V2 X 10? 
3.4 X 10% 1.7 X V2 X 10? 





Ferromesoporphyrin with Egg Albumin, or Human Globin, in 0.1 n KOH 


The data from experiments with egg albumin and human globin show a 
less striking fit to a particular simple formulation. If one attempts an 
analysis, however, according to the methods described previously, the 
data suggest as best values for n the numbers 6 and 30, respectively, for 
egg albumin and human globin. 


Effect of pH on Binding of Ferromesoporphyrin and Egg Albumin 


In solutions of phosphate and borate buffers with values of pH 11.7 
to 9.5, although there are large and rapid initial changes in absorption 
after reduction with dithionite, the optical densities do not become con- 
stant until after about an hour. For this reason, the solutions were allowed 

o “age’’ for 3 hours after reduction and before determinittion of optical 
densities. Table II shows that the concentration of egg albumin required 
to bind one-half of the ferromesoporphyrin (a = 0.5) increases as the pH 
decreases. 

If egg albumin has first been exposed to the action of 0.1 Nn KOH and 
the solution then brought to a lower pH, the protein is capable of combining 
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with more metalloporphyrin than if it has not been so treated. The data 
from such experiments are summarized in Table II. 


Effect of pH on Binding of Ferromesoporphyrin and Human Serum Albumin 


Attempts to study the effect of pH on the formation of human serum 
albumin ferromesoporphyrin H were complicated by the appearance of an 
absorption spectrum that led us to postulate the formation of another 
protein-ferromesoporphyrin compound. The absorption spectrum is char- 
acterized by two maxima in the visible region; one band is centered about 
527 mu and the other about 563 my. We designate this postulated com- 
pound as human serum albumin ferromesoporphyrin F, since it corre- 


TaBLeE II 
Effect of pH on Equilibria of Systems Which Contain 
Ferromesoporphyrin IX and Egg Albumin 
The concentration of metalloporphyrin, Sy, is constant and equal to 2 X 10-* m. 
The molecular weight of the protein is assumed to be 45,000. 











Concentration of protein required (moles per |.) to give a = 0.5 
pH ee “ae . . } 
Protein preot ee to 0.1 N 

11.60 3.0 X 10° 1.8 X 10°* 
11.45 3.8 X 10° 2.0 X 10-* 
11.04 5.7 X 10° 2.2 X 10°* 
10.80 9.5 X 10° 2.6 X 10°° 
10.09 2.8 X 10-5 3.7 X 10° 
9.56 6.3 X 10-5 7.9 X 10°* 














sponds to a ferroprotoporphyrin pigment first observed by Fairley (24) 
and later named ‘“‘heme-albumin” by J. Keilin (25). Spectrophotometry 
shows that the oxidant, ferrimesoporphyrin, also combines with the serum 
albumin to give a compound which corresponds to Keilin’s “hematin- 
albumin.” At high pH values (11.5 and above) solutions of ferromeso- 
porphyrin and human serum albumin show only the spectrum of human 
serum albumin ferromesoporphyrin H, while at neutral and slightly al- 
kaline pH values only the spectrum of human serum albumin ferromeso- 
porphyrin F is apparent. At intermediate values of pH the spectra in- 
dicate that both complexes are formed. Prior exposure of the protein to 
0.1 n KOH enhances the ability of the protein, in any particular environ- 
ment, to form human serum albumin ferromesoporphyrin H. 

The data for the case of human serum albumin ferromesoporphyrin F 
suggest a tight binding of the metalloporphyrin to protein; 2 metallo- 
porphyrin molecules react per protein when the metalloporphyrin is in 
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excess, and 1 metalloporphyrin per protein when the protein concentration 
increases. These results are in substantial agreement with the data of 
Rosenfeld and Surgenor (26) on the binding of the oxidant, ferriproto- 
porphyrin, and human serum albumin. 


DISCUSSION 


Various data are consistent with the postulate that at values of pH 
greater than the value of pK,’ pertaining to the coordination shell of a 
ferriporphyrin, but less than about pH 12, the ferriporphyrin contains per 
iron atom 1 more hydroxyl ion, or 1 less proton than the corresponding 
ferroporphyrin. 

J. Keilin (27) and Walter (28) have presented evidence that at very high 
hydroxy! ion concentration certain ferroporphyrins are coordinated with 
hydroxyl ions. We observe spectral changes that can be accounted for 
on this basis, but, realizing the difficulties of definitive analyses of such 
data, we do not now attempt to decide either the number of hydroxy] ions 
per unit of the ferroporphyrin or the structure of the compound. 

Having previously analyzed the reported data with the assumption that 
the metalloporphyrin exists as only two species, unbound and bound, we 
must now give consideration to at least two unbound species at the higher 
values of pH. 

In the case of coordination of ferrimesoporphyrin with imidazole, Cow- 
gill and Clark (12) found evidence of a competition between the imidazole 
and hydroxy] ions at high pH, and by the same token one might expect a 
similar competition to be introduced when ferromesoporphyrin acquires 
1 or more hydroxyl ions. We find, however, that there is very little 
difference between the concentration of imidazole required to convert half 
the ferromesoporphyrin to the complex at pH 9.6 and in 0.1 n KOH. 
This curious result suggests very little difference between the abilities 
of the two postulated species of ferromesoporphyrin to combine with 
imidazole. 

The formation of the protein complex is undoubtedly much more com- 
plicated, but the results of the analysis of data for solutions 0.1 m with 
respect to KOH, in which approximately one-third of the ferromesopor- 
phyrin may be of one form and two-thirds of the other form, suggest (a) 
little difference between the abilities of the forms to combine with protein 
and (b) the automatic use of a resultant of the absorption coefficients of the 
two species, or (c) a first order approximation of more complicated re- 
lations. 

Experiments with several proteins show that ‘‘aging”’ as described under 
“Results” decreases the time required for the attainment of equilibrium 
when ferromesoporphyrin is added. However, “aging,” while hastening 
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the attainment of equilibrium, slowly shifts the equilibrium so that more 
metalloporphyrin remains unbound. The “aging” process might be at- 
tributed to denaturation of a protein, and denaturation often is regarded 
as associated with the ‘‘unfolding” of an organized molecule or micella. 
If denaturation exposes additional groups which can bind the metallo- 
porphyrin, as suggested by Drabkin (9), then the slow decrease in the 
ability of the protein to bind might be due to a slow refolding. 

It is noteworthy that in our experience the typical spectrum appears 
almost instantaneously after reduction of the ferrimesoporphyrin in the 
presence of protein, although it is not fully developed in many cases until 
some time later. This suggests that some groups in the intact protein are 
available for reaction with the metalloporphyrin. Since we have made 
no studies on the rate of formation of the complex, we cannot compare 
this rate with the rate of denaturation of a particular protein as meas- 
ured by some independent method. 

If, as in cases such as the bonding of an iron porphyrin to pyridine, 
cyanide, imidazole, etc., in which 2 molecules of the ligand bind to each 
iron atom, each molecule of ferromesoporphyrin binds at two sites of a 
protein, the simple formulation adopted might not necessarily hold, but 
might be valid with the introduction of additional ad hoc assumptions. 

Dr. Bateman and Mr. Wagman of the Chemical Corps Biological Labora- 
tories at Camp Detrick have been kind enough to make an experiment for 
us with the ultracentrifuge in an attempt to determine the effect of ferro- 
mesoporphyrin on the state of aggregation of human serum albumin in 
alkaline solution. In their hands the complex sedimented with a single, 
very sharp boundary, and at approximately the same rate as the albumin 
alone in a second experiment. All this indicates is that the metalloporphy- 
rin does not form a sufficient number of bridges between originally discrete 
molecules of protein to affect appreciably the particle size. 

We are left with the simple fact that the naive assumptions made in 
formulating the data are successful in the cases cited as a systematic 
description of the data and nothing else. 

J. Keilin (29) showed that most amino acids, including histidine, lysine, 
and arginine, give complexes under proper conditions with ferroproto- 
porphyrin and other iron porphyrins. From these observations she infers 
that in a protein the imidazole ring of histidine, the e-amino group of lysine, 
the guanidino group of arginine, and terminal a-amino groups are re- 
sponsible for complex formation. 

Our experiments with simple nitrogenous compounds suggest that, of all 
the functional groups known to be present in proteins, only the proton 
acceptor species of amino and imidazole groups bind ferromesoporphyrin 
appreciably to produce the typical “‘base’’ ferromesoporphyrin H spectrum. 
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The ability of arginine to give the spectrum seems to reside in the a-amino 
group of that compound. Ferromesoporphyrin and ferrocoproporphyrin, 
which contain no viny] groups, and ferromesoporphyrin dimethyl ester 
and ferroetioporphyrin, which contain no carboxylate groups, produce 
with nitrogenous substances the spectrum characteristic of coordination 
complexes. Although the vinyl groups and carboxylate groups are not es- 
sential for the reaction, it is likely that their presence reinforces or weakens 
the primary linkage, which is presumably at the iron. 

The pK,’ values for imidazole groups in proteins are usually between 
5.6 and 7.0. If metalloporphyrins combine with proteins chiefly through 
the imidazole rings, it is difficult, on the basis of the above discussion, to 
account for the decreasing ability of proteins to bind metalloporphyrins 
when pH varies in the range 12 to 9.5. (See the data for egg albumin in 
Table II.) A possible explanation of this pH effect is that in an environ- 
ment of high hydroxyl ion concentration the three-dimensional structure 
of the protein is altered in such a way as to expose the groups which can 
bind the metalloporphyrin. 

There remains the possibility that metalloporphyrins containing car- 
boxylate side chains may form undissociated carboxylate salts with nitro- 
genous bases. In this case, however, no such spectral change as that now 
under consideration would be expected. For example, Felix and Mager 
(30) have shown that a molecule of clupein, which contains approximately 
22 arginy] residues, will combine with and precipitate from solution 11 
molecules each of various dicarboxylic acids, including protoporphyrin, 
ferriprotoporphyrin, and ferroprotoporphyrin. They attribute these com- 
plexes to a combination of the carboxylate groups of the porphyrin with the 
guanidino groups of clupein. To what extent such compounds, observed 
in the solid phase, persist in solution has not been definitely determined. 

The data with human serum albumin, egg albumin, and human globin 
suggest that each of these proteins can react with a number of ferromeso- 
porphyrin molecules which approximates the number of imidazole groups 
each contains. For the case of human serum albumin, which contains, 
per molecule, approximately 16 imidazole rings, the calculated number of 
binding sites is 18 and the intrinsic binding constant, ko, is of the order of 
2X ~/2 X 10? (see equations (3) and (4)). For egg albumin and human 
globin, the calculated numbers of binding sites are, respectively, 6 and 30, 
while the corresponding numbers of imidazole rings in a molecule of each 
of these proteins are approximately 4 and 33. One is tempted to conclude 
that these imidazole rings of histidyl residues are responsible chiefly, but 
not exclusively, for the ability of the proteins to produce the protein ferro- 
porphyrin H spectrum. This conclusion is doubly tempting since simple 
imidazole compounds combine much more tightly with ferroporphyrins 
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than do those amino compounds which have been tested. Drabkin (9), 
however, concluded that, ‘“The formation of the protein hemochromogens 
cannot be correlated with the content of histidine in the proteins.” No 
data were cited in his abstract. 

Ferromesoporphyrin does not combine readily with some proteins. 
Among these are pepsin and zein. It is interesting that pepsin and zein 
contain only small amounts of histidyl and lysy] residues. 

Initially salmine gives no typical “hemochromogen” spectrum with ferro- 
mesoporphyrin (see Clark et al. (31)), but rather gives cloudy solutions, 
as if it formed to some extent a complex comparable to that observed by 
Felix and Mager. According to Tristram (32), salmine contains no his- 
tidy] residues or free amino groups. However, there develops slowly a 
“hemochromogen” spectrum, as if some group were slowly being made 
available. 

The metalloporphyrin combines readily with 6-lactoglobulin and chymo- 
trypsinogen. Some proteins such as the globulins, edestin and squash 
globulin, although they contain reasonably large amounts of histidy] resi- 
dues, do not combine well with ferromesoporphyrin. In these cases it 
may be that the groups are largely inaccessible to the metalloporphyrin. 

Clark, Harris, and Rosenberg (31) overlooked the fact that gelatine 
combines rapidly with ferromesoporphyrin. Doubtless the reason for this 
oversight is that the characteristic spectrum disappears very quickly. We 
do not attempt here to explain this phenomenon. It is an interesting fact 
that, in studies of systems of ferroprotoporphyrin and simple nitrogenous 
substances, Holden and Freeman (33) used relatively large concentrations 
of gelatine as a protective colloid to delay aggregation and precipitation of 
the complexes. These workers were aware of the possibility that the 
presence of gelatine might affect the equilibria between the metallopor- 
phyrin and simple nitrogenous bases, but this has been neglected by others, 


SUMMARY 


Spectrophotometric data pertaining to equilibria in systems which con- 
tain ferromesoporphyrin and any one of several proteins at high pH have 
been treated and interpreted as follows. 

1. A first approximation made with the assumption of one intrinsic 
binding constant and either the formulation proposed by Klotz or that 
proposed by Scatchard gives a fairly good systematic description of the 
data for human serum albumin at high pH, provided either of these formu- 
lations is modified to include the splitting of dimeric ferromesoporphyrin. 

2. Human serum albumin gives with ferromesoporphyrin at relatively 
low pH (about 7.6) an absorption spectrum different from that observed 
at high pH. 
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3. Data obtained with egg albumin and human globin can be formulated 
as mentioned under (1), but less satisfactorily than those obtained with 
human serum albumin. 

4. An “aging” effect leads to results we do not attempt to explain, but 
it seems that denaturation of a protein, which may be associated with 
“aging,” is not per se essential for the formation of these complexes that 
give the typical “hemochromogen” absorption spectrum. 

5. Included are comments on experiments with gelatine, zein, salmine, 
edestin, squash globulin, pepsin, chymotrypsinogen, and 6-lactoglobulin, 
The extensive data for these cases are omitted because a slow continuous 
change of absorption spectra indicated that the data cannot safely be 
treated as pertaining to equilibrium states. 

6. The analyses of the data make it appear that most of the proteins 
studied have several sites at which ferromesoporphyrin may be bound at 
high pH. Reasons are given for believing that these are chiefly the imid- 
azole groups of histidyl and amino groups, such as the e-amino groups of 
lysyl and the a-amino groups at chain ends. Of these the imidazole groups 
appear to bind the more strongly. At least in the case of human serum 
albumin at high pH, the number of binding groups calculated with the 
formula used is 18, while analyses by other workers indicate 16 imidazole 
groups. The calculated numbers of binding groups in egg albumin and 
human globin approximate the numbers of imidazole groups determined by 
other workers. 

7. Ferromesoporphyrin and simple imidazoles combine at pH values 
much lower than values at which ferromesoporphyrin will exhibit extensive 
combination with most of the proteins studied. We suggest, but have not 
proved, that this apparent anomaly may be attributed to some unique 
feature of protein structure. 


We wish to acknowledge the invaluable assistance of Miss Elizabeth H. 
Dempwolf. By the generosity of the Rockefeller Foundation that pro- 
vided a Cary recording spectrophotometer we were able to make many 
more experiments than would have been practicable otherwise and thus 
attain greater confidence in results, only summaries of which can be pub- 
lished. We also are indebted to the several persons mentioned on pages 
618 and 627. 
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THE CONVERSION OF CHOLESTEROL AND ACETATE TO 
CHOLIC ACID* 
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California School of Medicine, Los Angeles, California) 


(Received for publication, May 18, 1953) 


The experiments of Bloch and his coworkers were the first which demon- 
strated that cholesterol can be a source of cholic acid in animal tissues (1). 
The deutero-labeled cholesterol used in these experiments, prepared by a 
platinum-catalyzed exchange reaction, was labeled both in the ring moiety 
and in the side chain with deuterium (2). Recently, Fukushima and Gal- 
lagher presented evidence which indicates that deuterocholesterol prepared 
in this way contains one-half of the bound deuterium at or among carbon 
atoms 24, 25, 26, and 27 of cholesterol and the remainder in the ring (3). 
In the conversion of cholesterol to cholic acid, therefore, none of the deuter- 
ium bound to the carbon atoms of the side chain of cholesterol could be 
detected in cholic acid, no matter what the reaction mechanism might be. 

Later work in Bloch’s laboratory has shown that carbon atom 24 of 
cholesterol is derived from the methyl carbon of acetate in rat liver (4). 
This finding has made it possible to determine very readily whether choles- 
terol is transformed to cholic acid by removal of the isopropyl carbons 
alone or whether this process occurs by a more extensive degradation, fol- 
lowed by resynthesis of the side chain. Following administration of cho- 
lesterol prepared in this manner, formation of an intermediate with less 
than 24 carbon atoms would give rise to cholic acid containing no activ- 
ity in carbon atom 24, the carboxyl carbon. On the other hand, loss of 
| only 3 carbon atoms would yield a cholic acid containing activity in the 
carboxyl position. 

Cholesterol prepared from methyl-labeled acetate in rat liver slices was 
administered to a dog with a bile fistula, and cholic acid was recovered 
and decarboxylated. In a second experiment methyl-labeled acetate was 
administered in order to determine whether the pattern of isotope distribu- 
tion in the isolated cholic acid was the same. 


EXPERIMENTAL 


Preparation of Labeled Cholesterol—Cholesterol digitonide was isolated 
from rat liver slices after incubation in the presence of 2-C"*-acetate' (4). 
* This investigation was supported by a research grant, No. H-1255, from the 


National Heart Institute of the National Institutes of Health, United States Public 
Health Service. 


1 Obtained from the Isotopes Specialties Company, Inc., Glendale, California. 
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The digitonide was decomposed with pyridine, carrier cholesterol was 
added, and the mixture was chromatographed on alumina (5). Fractional 
crystallization of 2.3 gm. of the labeled material yielded a first crop, 1.15 
gm., and a second, 0.77 gm., with the same specific activity, 1550 ¢.p.m. 
per mg. of C. The third fraction, 0.21 gm., melted 1° low and had an 
activity of 1830 c.p.m. per mg. of C. After a further recrystallization of 
this fraction, 0.17 gm. of cholesterol melting at 148.5-149° was obtained 
with a specific activity of 1600 c.p.m. per mg. of C. The three fractions 
were combined. The residue in the mother liquors had a specific activity 
of 1940 c.p.m. per mg. of C, but cholesterol dibromide (6) prepared from 
this contained 1550 c.p.m. per mg. of C. The presence of material with a 
higher specific activity than cholesterol] in the neutral lipide fraction after 
acetate perfusion of various organs has been noted previously by Schwenk 
and Werthessen (6). 

Administration of Labeled Compounds—An emulsion (7) containing 2 
gm. of labeled cholesterol was injected intravenously into a 10 kilo male 
dog in daily doses over a 3 day period. Bile was collected from a biliary 
fistula created by inserting a polyethylene tube into the common bile 
duct. Another piece of polyethylene tubing, placed as a duodenostomy, 
allowed readministration of the diverted bile when specimens were not 
being collected. Bile had been allowed to recirculate for 3 weeks following 
the operation. After the first injection, bile was collected in 24 hour peri- 
ods. 

After collection of the last bile sample, bile was again allowed to circulate 
so that the same animal could be used again. Negligible activity was 
found in the cholic acid of the bile after 5 weeks. 1 week later, 5 mm of 
2-C"'-acetate, specific activity 4.7 K 10° c.p.m. per mg. of C, in 10 ml. of 
water were injected intravenously in a single dose into the dog. Bile was 
collected for 2 days. Cholie acid was isolated from bile excreted in the 
periods 0 to 6 hours and 24 to 48 hours after the administration of acetate. 

Isolation and Degradation of Cholic Acid—Cholic acid was isolated from 
bile by standard procedures and was recrystallized to constant activity and 
a melting point within 1° of the reported value, 198°, by taking up the 
crude material in a minimal amount of ethanol and adding 10 volumes of 
chlorobenzene (8). Decarboxylations of cholic acid were carried out with 
iron powder (9). 

Isotope Analyses—All samples were counted as barium carbonate in alu- 
minum planchets 4.71 sq. cm. in area with a gas flow Geiger-Miiller 
counter for a sufficient length of time to insure a probable error of less 


than 5 per cent. Observed activities were corrected for self-absorption 
(10). 
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RESULTS AND DISCUSSION 


Two samples of labeled cholic acid obtained from bile collected during 
the Ist and 3rd days after the initial administration of labeled cholesterol 
were decarboxylated with iron powder. The isotope activities found in 
cholic acid and in the carboxyl carbon atom are shown in Table I. The 
carboxyl carbon of each sample had a specific activity almost twice the 
specific activity in the corresponding cholic acid. Little and Bloch have 
shown that the methyl and carboxyl carbons of acetate are utilized in a 
ratio of 15:12, respectively, in the biosynthesis of cholesterol from acetate, 
and that carbon atoms 26 and 27 originate from the methyl carbon and 
carbon 25 from the carboxyl carbon of acetate in this process (11). De- 


TABLE I 
Isotope Concentrations | in Cholic Acid and in in Carboryl Carbon « Atom of Cholic Acid 








Labeled precursor | Pe ated < a Cholic acid Carboxyl carbon Pe one pm 
(1) (2) | (3) (5) 
" a days | ¢.p.m. per mg. Cc c.p.m. — an. 2 ae 
Cholesterol O-1t | 95 | 175 176 
2- 3t 235 465 435 
hrs. } 
Acetate O- 6 60 110 111 


24-48 205, 350 379 





* See the text. 
+ After initial administration of cholesterol. 


gradation of cholesterol with the removal of only the isopropyl group would 
produce cholic acid in which 13 of the 24 carbons are labeled. The car- 
boxyl carbon and every other labeled atom would thus be expected to have 
a specific activity of 24/13 or 1.85 times the specific activity of the com- 
plete cholic acid molecule. The close agreement between the calculated 
(Column 5) and the observed values (column 4) therefore clearly proves 
that only the isopropy! group in the side chain is removed in the conversion 
of cholesterol to cholic acid. 

Formation of cholic acid from acetate by a pathway which does not in- 
volve the intermediary formation of cholesterol might be expected to pro- 
duce a cholic acid with a different pattern of isotope distribution than that 
obtained from cholesterol. To test this point, acetate was injected into 
the animal and samples of cholic acid obtained from bile collected during 
the periods 0 to 6 hours and 24 to 48 hours after the injection were decar- 
boxylated. The data in Table I show that identical results are obtained 
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whether the precursor of isotopic cholic acid is methyl-labeled acetate ad- 
ministered directly to a dog or cholesterol prepared from methyl-labeled 
acetate in rat liver. Thus, no evidence has been obtained which is not 
consistent with the assumption that cholesterol is an obligatory interme- 
diate in the formation of cholic acid from acetate. 


The authors are indebted to Miss Aniko Gaal for expert technical assist- 
ance. 


SUMMARY 


Labeled cholesterol prepared biosynthetically from methyl-labeled ace- 
tate was administered to a dog with a bile fistula. The activity found in 
the carboxyl carbon of the cholic acid isolated from bile proved that choles- 
terol was converted to cholic acid by removal of no more than 3 carbon 
atoms, carbons 25, 26, and 27. An identical pattern of isotope distribu- 
tion was obtained when methyl-labeled acetate was the direct labeled 
precursor. 
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THE ROLE OF CHOLINE IN SOME METABOLIC REACTIONS 
OF NICOTIANA RUSTICA* 


By RICHARD U. BYERRUM anp RICHARD E. WINGf 


(From the Kedzie Chemical Laboratory, Michigan State College, East Lansing, 
Michigan) 


(Received for publication, June 15, 1953) 


The methyl groups of choline which have been shown to be donated in 
various reactions in animal metabolism (1, 2) have not been demonstrated 
to participate in plant methylation reactions. Experiments by Matchett, 
Kirkwood, and Marion (3, 4), Dubeck and Kirkwood (5), and Sribney 
and Kirkwood (6), with Hordeum distichum, Ricinus communis, and Di- 
centra hybrids in which choline was supplied as a possible methyl precursor, 
indicated that choline methyl groups were not utilized to form the methyl 
groups of the alkaloids hordenine in barley, ricinine in castor beans, or 
protopine in Dicentra. It was therefore of interest to examine the metabo- 
lism of choline in another plant species. 

In the present study it was shown that in Nicotiana rustica the methyl 
carbons of choline could be transferred to give the N-methyl carbon of 
nicotine. In addition, little choline appeared to enter into phospholipide 
synthesis. 


EXPERIMENTAL AND RESULTS 
Choline Uptake by Tobacco Plants 


Since nicotine synthesis has been shown to take place in the roots of 
tobacco plants (7), it appeared desirable to allow the plants to absorb the 
choline from an aqueous solution through the roots. It was necessary 
first, however, to ascertain whether or not choline was absorbed by the 
plants and whether it was destroyed in the medium before there was an 
opportunity for absorption. For these studies N. rustica L. var. humilis, 
used in all the experiments, was grown in soil and transferred to individual 
Erlenmeyer flasks containing an inorganic nutrient solution as previously 
described (8). Four plants-were put into flasks, each of which contained 
5 mg. of choline chloride in 50 ml. of nutrient solution. In addition two 
control experiments were made. The first consisted of four flasks con- 


* The experiments presented in this paper were taken from a thesis presented by 
Richard E. Wing to the Graduate School of Michigan State College in partial ful- 
filment of the requirements for the degree of Master of Science. The work was done 
in part under contract No. AT(11-1)-161 with the Atomic Energy Commission. 

t Present address, The Dow Chemical Company, Midland, Michigan. 
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taining about six root fragments 1 cm. in length, and a second group 
of four flasks contained only nutrient solution and choline chloride. To 
ascertain whether the detergent germicide' formerly employed (8) would 
inhibit bacterial destruction of choline, 3 drops of a 0.1 per cent solution 
were added to two flasks in each group. The three groups of flasks were al- 
lowed to stand for 2 days, all of the solutions were filtered, and each was 
diluted to 110 ml. with distilled water and analyzed for remaining choline 
by the method of Glick (9). The results of these studies are presented in 
the 2nd and 3rd columns of Table I. It will be noted that the choline 
content of flasks inoculated with root fragments was less than half the 
uninoculated controls. This loss of choline was judged to be destruction 


TaBLeE | 
Choline Chloride Uptake by Tobacco Plants 


Recovery of choline chloride mg. 











No additions | Detergent germicide* | Aureomycint : 
PN, ie. SIA AA 0 | 0 | 0 
I is ours nS aids eased 0.98 2.12 4.43 
Controls.......... ih ancl | 4.76 4.70 4.61 





* The flasks contained approximately 0.1 ml. of a 0.1 per cent solution of detergent 
germicide (Wyandotte No. 1528). 

¢ Nutrient solution in flasks made 1:100,000 with aureomycin. All the flasks 
initially contained 5 mg. of choline chloride in 50 ml. of nutrient solution prepared 
by adding the following weights of anhydrous salts per liter of solution: calcium 
nitrate 333 mg., potassium chloride 83 mg., magnesium sulfate 83 mg., ammonium 
sulfate 83 mg., potassium dihydrogen phosphate 83 mg., and ferric chloride 0.7 mg. 


by microorganisms which were introduced with the root fragments and 
which were largely unaffected by the detergent germicide in the concentra- 
tions used. To test this hypothesis, a second group of plants was grown 
in nutrient solution containing no detergent germicide but made 1: 100,000 
with aureomycin, which had previously been shown to have no adverse 
effect on plant growth or metabolism.2 The results of this study are 
shown in the 4th column of Table I. It will be seen that approxi- 
mately 90 per cent recovery of choline was effected from the flasks in- 
oculated with root fragments as well as from the uninoculated controls. 
In addition, the solutions in the flasks with growing plants contained no 
remaining choline, which indicated that, within the 2 day growing period, 
essentially all of the choline had been taken up by the plants. In no case 

1 Wyandotte detergent germicide No. 1528 obtained from the Wyandotte Chemi- 


cals Corporation, Wyandotte, Michigan. 
2 Lucas, E. H., unpublished observation. 
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was there a complete recovery of the 5 mg. of choline chloride originally 
introduced. No explanation for this difference was apparent. Neverthe- 
less, in subsequent experiments in which choline was fed, the nutrient 
solution was always made 1:100,000 with aureomycin to minimize the de- 
struction of choline. 


Isolation of Nicotine from Plants Fed Choline 


Choline chloride containing C“ in a methyl group was synthesized from 
dimethylethanolamine and C" containing methyl iodide, according to the 
procedure of Christenson and Tolbert (10). Immediately before use, the 
product was recrystallized from a 3:1 anhydrous Skellysolve B-absolute 
ethanol mixture. The recrystallized product was then dissolved in water 
to give a concentration of 1 mg. of choline chloride per ml. 

To two groups of twenty-seven tobacco plants were then administered 
2 mg. of choline chloride per plant in a nutrient solution which otherwise 
contained only inorganic material. This quantity of choline chloride gave 
1.5 X 10° c.p.m. at “infinite thinness” when measured with a Nuclear In- 
strument and Chemical Corporation scaler and thin end window Geiger- 
Miiller tube. 

The plants were allowed to grow for a week in the nutrient solution 
under conditions described previously (8). It was noted that wilting of 
some of the plants occurred in the first experimental group, and three 
were discarded because of abnormal appearance at the end of the growing 
period. Wilting was prevented in the second experimental group by bub- 
bling oxygen through the nutrient solution of each plant for 1 minute 
twice a day. Except in those cases indicated, the plants appeared healthy 
and grew, as was evidenced by an increase in the length of stems, by leaf 
development, and by the production of root hairs. 

After the growing period, the plants were removed from the nutrient 
solution and dried, and nicotine was isolated as the dipicrate as previously 
described (8). In the second column of Table IT are presented the results 
of radioactivity measurements of the nicotine dipicrate isolated from the 
two groups of plants. The data are expressed as counts per minute per 
millimole of nicotine dipicrate at “infinite thinness.” It will be noted that 
the radioactivity of the nicotine in the plants of Trial 2 was twice as 
great asin plants of Trial 1. It appeared possible that the oxygen sup- 
plied to the plants of Trial 2 resulted in a greater metabolic rate and 
along with this a greater production of nicotine. 

It was also of interest to ascertain how much of the radioactivity in the 
nicotine molecule was located in the N-methyl group. Nicotine was re- 
covered from the dipicrate by azeotropic distillation with water from an 
alkaline medium, the recovered nicotine was demethylated, and the methyl 
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groups were isolated as methyltriethylammonium iodide as previously de- 
scribed (8). In the 3rd and 4th columns of Table II are presented the 
counts of the quaternary salt and the per cent recovery of nicotine dipic- 
rate counts in the methyltriethylammonium iodide. Over 90 per cent of 
the radioactivity of the isolated nicotine was found in the methyl group. 


Attempted Isolation of Phospholipides from Plants Fed Choline 


Because choline is a part of the lecithin molecule, it appeared of interest 
to attempt the isolation of phospholipides from the tobacco plants. By 
measuring the radioactivity of the isolated product, it might be possible 
to ascertain the extent of incorporation of choline derived from the culture 
solution into lecithin. Accordingly, before nicotine was isolated in both 
experimental runs, the procedure of Smith and Chibnall (11) for the isola- 
tion of plant phospholipides was applied. No product, however, was ob- 


Tasie II 
Radioactivity of Nicotine Methyl Groups after C''-Methylcholine Administration 





Maximal specific activity, c.p.m. per mu | 











Trial No. ; | Recovery 
Nicotine dipicrate Panny 
| per cent 
1 (24 plants)............... 6.14 X 10° 5.40xX 10? | 88 
i ae ae 1.48 X 10° 1.41 X 10° | 95 





tained in either case by the procedure employed. Although failure to 
isolate phospholipides by this method does not eliminate the possibility 
that such substances are present, the outcome of the test, along with the 
findings of Jordan and Chibnall (12), that in growing Phaseolus multiflorus 
and several other plant species very small quantities of phospholipides are 
present, appears to indicate that phospholipides do not accumulate to any 
extent in young, growing tobacco plants. The utilization of any appreci- 
able quantity of choline in lipide synthesis, therefore, would not be antici- 
pated. 


DISCUSSION 


It is shown in the present study that in N. rustica the carbon of the 
methyl groups of choline can be transferred to the N-methyl group of 
nicotine. Several possibilities for the biological significance of the trans- 
fer of choline methyl groups to nicotine exist. The reaction may represent 
a net synthesis of nicotine in which nornicotine or some other nicotine 
precursor is methylated. Or, on the other hand, the reaction observed 
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may represent an equilibrium of the methyl groups of nicotine with choline 
methyl groups, which would not result in an increase in the quantity of 
nicotine present. In any event, it is of interest to note that the transfer 
of the methyl carbons of choline takes place in a species of tobacco plant, 
whereas a similar reaction could not be demonstrated in the formation of 
the alkaloids hordenine in barley, ricinine in castor beans, or protopine in 
Dicentra (4-6). As has previously been suggested (4, 5), it is possible that 
the actual compound which donates methyl groups in plant metabolic re- 
actions is glycine betaine, an oxidation product of choline, as was formerly 
demonstrated in animal studies (2). Tobacco may possess an enzyme 
which catalyzes the oxidation of choline to betaine, whereas such an enzyme 
does not exist in Hordeum, Ricinus, or Dicentra. It should be noted also 
that, in the present experiments, tobacco plants approximately 3 months 
old were grown under conditions in which photosynthesis occurred. On 
the other hand, in the experiments of Dubeck and Kirkwood (5), Ricinus 
seedlings 4 to 17 days old were administered food materials in the dark. 
Differences in the age of the plants and conditions of growth in these two 
studies could account for differences in availability of the methyl groups 
of choline for metabolic methylation reactions. 

It was also of interest to compare the rate of transfer of the methyl groups 
of choline and methionine to give the methyl group of nicotine. If it is 
assumed that the pool sizes of choline and methionine in the plant are 
approximately the same, a comparison of the radioactivity of nicotine iso- 
lated from plants fed choline and methionine (8) may be made because the 
two compounds were administered in approximately equivalent quantities 
and equal radioactivity, and their rate of absorption was approximately 
equal. It may be noted that the choline chloride used in these experiments 
was synthesized from non-radioactive dimethylethanolamine and C"-la- 
beled methyl iodide. It is apparent that under these conditions at most 
only one of the three methyls of choline could be radioactive. It might 
be predicted, therefore, that, if choline and methionine were fed at ap- 
proximately equal molarity and radioactivity per plant and their methyl 
groups were transferred at approximately equal rates, the nicotine isolated 
from the choline-fed plants would be only 33 per cent as radioactive as the 
nicotine from the methionine-fed plants. It was observed that nicotine 
from choline-fed plants was about 26 per cent as radioactive as nicotine 
from methionine-fed plants. It was concluded, therefore, that the rate of 
transfer of the methyl groups of choline is equal to or slightly less than the 
rate of transfer of methyl groups of methionine to nicotine in N. rustica. 

Previously it was indicated that some methionine methyl groups were 
transferred intact in plant metabolic processes; 7.e., that transmethylation 
occurred (13). Because of the similarity in rate of transfer of methyl 
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groups from choline and methionine in tobacco plant metabolism, it seems 
reasonable to assume that some of the methyl groups of choline were also 
transferred intact. 


SUMMARY 


Tracer studies with C showed that the methyl carbons of choline could 
be transferred to give the methyl group of nicotine in Nicotiana rustica, 
The result indicated that the methyl carbons of choline and methionine 
were donated to nicotine at about the same rate. No phospholipides were 
isolated from the growing tobacco plants by the method employed, and 
it was concluded, therefore, that no significant amount of choline would be 
involved in the synthesis of these substances. 
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AN ASSAY METHOD FOR FERRICHROME 


By J. B. NEILANDS 


(From the Department of Biochemistry, University of California, Berkeley, California) 
(Received for publication, July 6, 1953) 


The isolation, chemical nature, and biological activity of the new iron 
compound ferrichrome have been reported elsewhere (1-3). Biochemical 
interest in ferrichrome centers, at present, around (a) its growth factor 
activity for Pilobolus' and (b) its possible relationship to cytochrome c 
formation in Ustilago sphaerogena. 

A suitable assay method for ferrichrome has been much desired as an 
aid to studying the production of this new compound by living cells. One 
possible technique is a Pilobolus assay in which the weight of the mycelial 
pad would serve as the index of growth. However, Pilobolus responds to 
both hemin (4) and coprogen, the new iron compound of the Lederle 
group (5, 6). 

The present report describes a chemical assay for ferrichrome based on 
a cyanide blocking of the autoxidation of the reduced compound. When 
dilute, neutral, buffered solutions of ferrichrome are treated with sodium 
hydrosulfite, the broad absorption band at 425 my vanishes. On aeration 
this band reappears. However, in the presence of cyanide, the spectrum 
does not reappear. The difference in light absorption between the oxi- 
dized form and the reduced, cyanide-treated form is used to calculate the 
ferrichrome concentration of the sample. 


EXPERIMENTAL 
Method 


Preparation of Sample—The procedure used in extracting ferrichrome 
from natural material will depend on the source. We have routinely used 
extraction at pH 10 for removal of ferrichrome from the cells of U. sphaero- 
gena. In any case the extract is brought to pH 7.0 with either dilute 
sodium hydroxide or phosphoric acid and then saturated with solid am- 
monium sulfate. The sample is then filtered, transferred to a separatory 
funnel, and extracted with 0.2 volume of benzyl alcohol. The benzyl alco- 
hol extract is placed in a clean separatory funnel and to it are added 1 vol- 
ume of distilled water and 10 volumes of ethyl ether. The aqueous phase 
is removed and the benzyl alcohol-ether phase washed with 0.1 volume of 


‘In a personal communication to the author, Dr. A. G. Lochhead of the Depart- 
ment of Agriculture, Ottawa, Canada, has stated that ferrichrome acts as a growth 
factor for Arthrobacter terregens. 
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distilled water. The aqueous phase and washing are combined, evaporated 
to dryness under reduced pressure at 25°, and dissolved in 0.1 m phosphate 
buffer, pH 7.0. 

The ferrichrome concentration of this solution should be 30 to 60 y per 
ml. 


Reagents— 

Phosphate buffer. 0.05 mole of KH2PO, and 0.05 mole of KzHPO, dis- 
solved in 1.0 liter of distilled water and adjusted to pH 7.0 with dilute 
KOH. 

Cyanide solution. 200 mg. of KCN dissolved in 100 ml. of the above 
buffer. Store in a giass-stoppered bottle. 

Hydrosulfite solution. 500 mg. of sodium hydrosulfite (Lykopon?) dis- 
solved in 100 ml. of the above buffer. Store in a glass-stoppered bottle. 

Procedure—The following reactions are carried out in 1.0 X 10 cm. 
Pyrex test-tubes. 

A 1.0 ml. aliquot of the sample is placed in each of two test-tubes, Tubes 
A and B. A standard ferrichrome sample is included in a duplicate set of 
tubes, C and D. The ferrichrome, 30 to 60 y, should be dissolved in the 
same phosphate buffer. To Tubes A and C are added 1.4 ml. of cyanide 
solution,’ and the volume in all four tubes is then made up to 2.9 ml. by 
addition of buffer. Finally, 0.1 ml. of hydrosulfite solution is added to all 
tubes and the contents very gently stirred with a glass rod. 

After 10 minutes to allow for full reduction, a stream of air is bubbled 
through all the tubes for 5 minutes. The solutions are now poured into 
cuvettes and the optical densities recorded at 425 my against a phosphate 
buffer blank. A Beckman model DUR spectrophotometer with 1.00 cm. 
cells was used. 

Calculations—The optical density difference of Tube D less Tube C 
corresponds to a known concentration of ferrichrome per ml. This figure 
is used in computing the ferrichrome concentration, from the optical den- 
sity difference between Tubes B and A, for the unknown sample. Tube 
C serves as a reagent blank and gives an optical density of only about 
0.004. The latter is contributed mostly by the cyanide solution. 


Recovery Experiments 


Dilute aqueous solutions of ferrichrome obey Beer’s law, at least over 
the optical density range 0.050 to 0.150 in a 1.00 cm. cell. 

The recovery of the optical density at 425 muy in the standard ferrichrome 
samples is not exactly quantitative, but it does approach 95 per cent. 


? Central Scientific Company, San Francisco, California. 
3 The pipette used here should have a cotton plug at the mouth. 
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For approximate work the standard ferrichrome can be omitted and an 
optical density difference of 0.039 between the untreated and cyanide- 
treated tubes may be assumed to equal 10 y per ml. (1). 

The validity of the assay described in this paper was checked by making 
a recovery of crystalline ferrichrome added to an extract of U. sphaerogena 
(prepared as above). Also, samples prepared in the above manner, 7.e. 
with benzyl alcohol extraction, would be expected to be contaminated with 
flavin compounds (7), and it was thus necessary to check for their possible 
interference. Table I shows the results of recovery experiments in which 
a known quantity of ferrichrome was added both to an extract of U. 
sphaerogena and to a solution of riboflavin. In each case a quantitative 
recovery of ferrichrome was obtained. 


TABLE I 
Recovery of Ferrichrome from U. sphaerogena Extract and from Riboflavin Solutions 


Mixtures in final volume of 3.0 ml. | 











: — Ferrichrome recovery 
Ferrichrome U. aoa Riboflavin } 
7 ml. 7 | 7 per cent 
30 1.5 | 30.1 100 
45 1.0 45.0 100 
60 0.5 60.3 | 101 
30 6.7 31.1 104 
45 4.5 45.2 100 
60 2.2 58.8 98 


* See the text. 
The sensitivity of the method depends on the magnitude of the ferri- 
chrome extinction coefficient at 425 mu. Less than 10 y in a volume of 
3.0 ml. in the 1.00 cm. cell will give too small an optical density change for 


accurate work; 7.e., less than 0.013. Table I shows that the assay is re- 
producible within +4 per cent. 


DISCUSSION 


The partition of ferrichrome in the solvent system saturated ammonium 
sulfate-benzyl alcohol is such that, at the low concentrations of ferrichrome 
normally encountered, a single extraction with benzyl alcohol leaves an 
almost undetectable quantity of the desired compound in the ammonium 
sulfate phase. 

Lower cyanide concentrations were unable to bind the ferrichrome spec- 
trum completely. Also, a neutral pH is preferred for the reaction. At 
low pH the ferrichrome was instantly reduced by the hydrosulfite, but 
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reoxidation, even in the absence of cyanide, was very slow. At high pH 
the reduction was sluggish and cyanide did not trap the spectrum in the 
reduced state. When the reaction mixture was made 1 per cent with re- 
spect to both NaCl and (NH,)2SOu,, quantitative recoveries of ferrichrome 
were still realized. 

The strong Soret band of porphyrin compounds might interfere with 
this test. However, these substances would probably be eliminated in the 
preparation of the sample. Metalloporphyrin proteins would not be ex- 
tracted by the benzyl alcohol and, similarly, the free metalloporphyrins and 
porphyrins would probably not be removed with the ferrichrome from the 
ether-benzy] alcohol phase. 

Interference from unknown substances is a possibility which should not 
be excluded. An unequivocal proof for the presence of ferrichrome would 
entail isolation of the crystalline substance. However, it should be pointed 
out that in order to influence this reaction the contaminant must (a) sur- 
vive the purification procedure, (b) suffer a spectral alteration at 425 my 
on treatment with hydrosulfite, the latter being reversible by aeration, 
or (c) remain trapped in the spectrally altered state in the presence of 
cyanide. 

So far as the author is aware, ferrichrome is the only known substance 
which will satisfy these requirements. 


SUMMARY 


A chemical assay for ferrichrome has been developed. The method de- 
pends upon the irreversible loss of the characteristic ferrichrome spectrum 
in the presence of both cyanide and hydrosulfite. 
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FACTORS AFFECTING THE MICROBIAL PRODUCTION OF 
FERRICHROME* 


By J. B. NEILANDS 
(From the Department of Biochemistry, University of California, Berkeley, California) 


(Received for publication, July 6, 1953) 


The isolation and general properties of ferrichrome have been reported 
elsewhere (1-3). Studies on the fundamental biological mechanism of ac- 
tion of this compound may be directed into one or both of two channels. 
The substance may be examined for its mode of action by using an organism 
for which it shows growth factor activity, 7.e. Pilobolus kleinii. Alterna- 
tively, it may be studied in an organism which produces it, 2.e. Ustilago 
sphaerogena. The recent development of a sensitive and accurate assay 
method for ferrichrome (4) has facilitated the second approach and hence 
this paper is concerned with the production of ferrichrome by U. sphaero- 
gena. 


EXPERIMENTAL 


Zine and Ferrichrome Production—Weisel and Allen (5) found that U. 
sphaerogena, when cultured on Difco yeast extract, had the unique property 
of accumulating very large amounts of cytochrome c. They estimated 
that the cells contained up to 1 per cent of cytochrome c on a dry weight 
basis. This hemoprotein has been isolated from the cells (6); however, 
only certain properties, such as the light absorption characteristics, re- 
semble those of cytochrome c from horse or cow heart. 

In further research, Weisel and Allen' discovered, through the use of 
synthetic media, that zinc was perhaps the most important factor for cyto- 
chrome formation. A concentration of 2.0 mg. per liter of zinc produced 
cytochrome formation comparable to that found with Difco yeast extract. 

The effect of zinc on ferrichrome formation by U. sphaerogena was tested 
in the following way. The medium used was the same as that of Weisel 
and Allen but without zinc. It contained, per liter, K,HPO, 3.0 gm., 
sucrose 20.0 gm., ammonium acetate 3.0 gm., MgSO,-7H.O 0.8 gm., citric 
acid 0.63 gm., copper 0.005 mg., manganese 0.035 mg., iron 16.0 mg., and 
thiamine 2.0 mg. Reagent grade chemicals were used throughout. Ex- 
actly 100 ml. amounts of this medium were placed in 500 ml. Erlenmeyer 
flasks, and, after sterilization and inoculation, the cultures were placed on 
a rocker in a room at 30°. 


* This work was supported in part by a grant from Eli Lilly and Company. 
' Personal communication. 
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Beginning at 24 hours, the medium from duplicate flasks was centrifuged 
and ferrichrome analyses were carried out on the cells as described pre- 
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Fig. 1. The effect of adding 0.2 mg. of zinc to 100 ml. of an actively growing culture 
of Ustilago sphaerogena (see the text). 


TABLE [ 


Effect of Zine on Cell Yields of U. sphaerogena 


























Hrs. Cell yields, mg. dry weight per 100 ml. culture* 
24 26 22 
32 40 36 
40 52 54 
0.2 mg. Zn** added per flask Without added Zn** 
48 78 58 
52 110 68 
56 156 78 
64 222 110 


* Duplicate determinations. 


. 


viously (4). After the 40 hour samples had been analyzed, 1 ml. of a sterile 
solution of zine chloride, containing 0.2 mg. of zine per ml., was aseptically 
added to one-half of the remaining flasks. The other half of the remaining 
flasks received 1 ml. of sterile distilled water. 
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Dry weight determinations (105°) were carried out on an aliquot of the 
centrifuged, washed cells. 

Fig. 1 presents the results of the above experiment. 

Zinc and Cell Yields—The addition of zinc at the 40 hour mark caused 
a spectacular increase in the growth of U. sphaerogena. This fact is illus- 
trated in Table I. 

Isolation of Ferrichrome from Zinc-Deficient Cells—It is obvious from 
Fig. 1 that the cells grown in the zinc-deficient medium are comparatively 
rich in ferrichrome. It was considered desirable actually to isolate the 
ferrichrome from these cells in order that its properties might be compared 
with those of the compound isolated from the cells cultured on yeast ex- 
tract. 

The zinc-deficient medium was placed in 500 ml. amounts in each of 
twenty 2 liter Erlenmeyer flasks. After sterilization and inoculation, the 
flasks were gently rocked for 3 days at 30°. The cells were then harvested 
and the ferrichrome isolated in the usual way (1). The compound, 5.1 
mg., crystallized in large rosettes made up of the characteristic needles of 
ferrichrome. The shape of the light absorption curve in the range 400 
to 500 mu was identical to that of ferrichrome. The extinction coefficient 
E,i% at 425 mu was 38.6, which compares favorably with the average value 
of 39.6 reported for ferrichrome (1). 


DISCUSSION 


The data of Fig. 1 indicate a precipitous drop in the ferrichrome concen- 
tration in the cells of U. sphaerogena after the addition of zinc. The addi- 
tion of zinc in this experiment resulted in the accumulation of cytochrome 
cin the cells; this became quite evident some 12 hours after the addition 
of zinc. It is tempting to speculate on a close relationship between these 
two phenomena; namely, the disappearance of ferrichrome and the simul- 
taneous appearance of cytochrome c. However, it is obvious from the 
figures in Table I that the zinc also causes a very rapid increase in cell 
growth. It is possible that if this medium were made entirely free from 
tine, 7.e. by the use of chelating reagents, it would fail to support the 
growth of U. sphaerogena. 

After incubation for 120 hours the ferrichrome concentration in cultures 
with and without zinc had fallen to a very low level. The same can be 
said for cytochrome, which reaches a peak after 2 to 3 days of growth and 
then falls off. At no phase of the growth have we been able to find signifi- 
cant quantities of ferrichrome excreted in the medium. 

An experiment was carried out in which iron was omitted from the com- 
plete medium (with zinc) of Weisel and Allen. The organism grew slowly 
on this medium, did not produce cytochrome, and did not form obvious 
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quantities of porphyrin. In another experiment, various levels of ferri- 
protoporphyrin IX were added to the zinc-deficient medium. In this case 
there was no accumulation of cytochrome c. 

The question of whether or not ferrichrome is functioning as a precursor 
of cytochrome c in U. sphaerogena can probably be most easily answered 
by the use of isotopically labeled ferrichrome. 


SUMMARY 


Zinc, which was found by Weisel and Allen! to be mainly responsible for 
the accumulation of cytochrome c by Ustilago sphaerogena, was tested for 
its effect on ferrichrome production by this organism. The addition of 
zinc to actively growing cultures of U. sphaerogena caused an immediate 
drop in the ferrichrome concentration of the cells. A sample of ferrichrome 
was isolated from the zinc-deficient cells. 
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EFFECT OF IRRADIATION BY X-RAY UPON ANAEROBIC 
GLYCOLYSIS IN SPLEEN HOMOGENATES* 


By JEAN HICKMAN anp GILBERT ASHWELL 


(From the National Institute of Arthritis and Metabolic Diseases, National Institutes 
of Health, United States Public Health Service, Department of Health, Education, 
and Welfare, Bethesda, Maryland) 


(Received for publication, July 8, 1953) 


Homogenates prepared from mouse spleen at varying time intervals after 
whole body x-irradiation exhibit a marked decrease in the phosphorus 
esterification coupled to the oxidation of succinate (1). Since it is known 
that the adenosinetriphosphatase (ATPase) activity of the spleen rises 
after x-irradiation (2), it would appear that-the increased rate of destruc- 
tion of adenosinetriphosphate (ATP) was the immediate cause for the 
lowered phosphorus uptake. However, when this assumption was exam- 
ined in a spleen mitochondrial preparation from irradiated mice in which 
the ATPase activity was completely blocked, it was found that the aerobic 
phosphorylation continued to be significantly decreased (3). Therefore, 
increased ATPase activity could be excluded as the direct cause for the 
apparently diminished capacity of irradiated tissue to carry out oxidative 
phosphorylation. 

Since there is an analogous type of coupled phosphorylation to be found 
in tissues sustaining glycolysis, it was pertinent to investigate the effect of 
x-irradiation upon this system in spleen. Earlier work by DuBois et al. 
(4) had shown that whole body x-irradiation produced no appreciable effect 
upon the oxidizing step in glycolysis when examined in liver and kidney 
homogenates. Although these investigators did not specifically study the 
esterification process associated with triosephosphate dehydrogenase, they 
did note an increase in the inorganic phosphate of the medium and ascribed 
it to the breakdown of ATP. The present paper is concerned with the 
elucidation of these reactions as found in spleen homogenates and, in addi- 
tion, an examination of the effect of x-irradiation upon the subsequent steps 
in the glycolytic sequence leading to the formation of lactic acid. 


Methods 


The animals used were 6 to 10 week-old white male mice of the National 
Institutes of Health brother-sister strain. They were given 640 r. (LD9o) 
* A preliminary report of this work has been published (Federation Proc., 12, 66 
(1953) ). 
t Submitted in partial fulfilment of the requirements for the degree of Master of 
Science in Biochemistry at Georgetown University, Washington, D. C. 
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in accordance with procedures previously described (1). The spleens were 
prepared with a motor-driven pestle homogenizer as a 10 per cent suspen- 
sion in cold isotonic potassium chloride. The adenylic acid (AMP) used in 
these experiments was obtained from the Sigma Chemical Company and 
the Pabst Laboratories. Analytical methods used for the determination of 
adenylic acid, hypoxanthine, and inosine were those described by Kalckar 
(5). Adenosine was measured spectrophotometrically with Armour’s in- 
testinal phosphatase as a source of the deaminase under the conditions out- 
lined by Kornberg and Pricer (6). The xanthine oxidase was prepared 
from unpasteurized cream according to Ball (7) and the hexokinase from 
bakers’ yeast (8). Triosephosphate was measured as alkali-labile phos- 
phorus after a 20 minute incubation at room temperature with 1 N sodium 
hydroxide. The disappearance of hexosediphosphate (HDP) was followed 
in some cases by the highly sensitive cysteine carbazole reaction of Dische 
and Borenfreund (9). Phosphorus analyses were performed by the King 
modification (10) of the Fiske-Subbarow procedure (11). Nitrogen was 
determined by direct nesslerization of the tissue digest and lactic acid by 
the colorimetric method of Barker and Summerson (12). All the enzyme 
assays were carried out on a Beckman model DU spectrophotometer. 


EXPERIMENTAL 


The system devised by Stoesz and LePage for determination of phos- 
phorylating glycolysis in tissue preparations (13) was adapted with minor 
modifications for the study of spleen homogenates. Here, as in liver, free 
glucose is not metabolized and HDP is used as the substrate for glycolysis. 
Consequently, when it is desirable to determine the phosphorus uptake 
resulting from the action of the oxidizing enzyme on triosephosphate, the 
course of glycolysis is stopped at the phosphoglyceric acid stage by block- 
ing the enolase step with fluoride. Pyruvate is added to serve as a hydro- 
gen acceptor and the resulting lactic acid is a measure of phosphoglyceric 
acid formation. 

Adenylic acid was found to function as well as adenosinediphosphate 
(ADP) or ATP as a phosphate acceptor and had the added advantage that 
less inorganic phosphate was found after incubation. When hexokinase 
and glucose were added, the net phosphorus uptake was increased more 
than 2-fold. In this case glucose-6-phosphate was formed which was not 
further metabolized by the spleen. Phosphate esterification under these 
conditions was measured routinely as the net disappearance of inorganic 
phosphate. 

The reaction was carried out in Warburg flasks at 37°. Optimal concen- 
trations of the various constituents of the medium were determined as 
follows (the figures refer to final concentrations): potassium bicarbonate 
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0.025 M, potassium phosphate (pH 7.8) 0.003 m, nicotinamide 0.04 m, 
diphosphopyridine nucleotide (DPN) 0.0003 m, sodium pyruvate 0.0075 
M, magnesium hexosediphosphate 0.0018 m, adenylic acid 0.0008 m, sodium 
fluoride 0.01 m, 0.10 mg. of hexokinase dissolved in 1 per cent glucose, 0.3 
ml. of a 10 per cent spleen homogenate in isotonic potassium chloride, and 
water to make a total of 3 ml. The flasks were kept in an ice bath until 
all the additions were made, then rapidly transferred to the water bath and 
gassed with a 95 per cent N2-5 per cent CO» mixture for 5 minutes, the taps 
were closed, and the reaction was allowed to proceed for 40 minutes. At 
the end of the incubation period, the reaction was stopped by the addition 


TaBe I 
Effect of Fluoride on Glycolysis in Control Tissue 
The values are given in micromoles per mg. of N. 














Lactic acid | Phosphorus uptake 
Time of 
incubation ? ee eee Ee ) PR RAER, Tie 
With fluoride Without fluoride With fluoride | Without fluoride 
es nei ey ty 
5 1.5 1.5 +1.0 +1.3 
10 2.7 3.1 +1.6 +2.1 
15 4.5 4.6 +2.0 | +0.3 
20 6.0 6.1 +3.1 —0.5 
30 | 8.9 9.9 +4.5 —1.0 
40 | 10.7 13.5 


+6.2 | —2.6 





Conditions as in the text. 


of trichloroacetic acid and the chemical determinations were carried out on 
the protein-free supernatant fluid. 

When the reaction was carried out under aerobic conditions, the lac- 
tic acid formation was equally rapid, although the phosphate uptake was 
markedly diminished. Similarly, when the tissue was preincubated for 
5 to 20 minutes before addition of the HDP, the phosphorus uptake alone 
was decreased. These observations illustrate the sensitivity of the phos- 
phate esterification mechanism in the spleen homogenate. 

Data exemplifying the typical time course of glycolysis and phosphate 
uptake under anaerobic conditions are given in Table I. The production 
of lactic acid was not significantly affected by the presence of fluoride until 
close to the end of the incubation period, at which time limitation of the 
substrate began to play arédle. However, phosphate uptake, in the absence 
of fluoride, quickly leveled off and became negative as the metabolism of 
the HDP proceeded beyond the phosphoglyceric acid stage. 
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Effect of x-Irradiation 


The spleens, removed from irradiated mice at regular intervals from 1 to 
9 days after exposure, were homogenized and assayed within 1 hour after 
the animals were sacrificed. Controls were run simultaneously with each 
determination. 

The results, given in Table II, indicate that triosephosphate dehydro- 
genase was unaffected by the irradiation. This is in good agreement with 
the data on liver and kidney previously described (4). The ability of the 
irradiated spleen to esterify phosphorus, however, was definitely lowered, 


TaBLeE II 
Effect of x-Irradiation upon Phosphorylating Glycolysis 
The values are given in micromoles per mg. of N per 40 minutes incubation. 





| 














| Lactic acid formed Phosphorus uptake 
Time after irradiaton a. ee ee — 
Control spleen | I —" Control spleen  ~y 
days | | 
1 | 11.1 | 11.4 7.0 | 5.8 
2 | 9.3 | 11.0 5.9 5.8 
3 | 11.3 | 11.0 7.3 5.6 
4 | 10.4 10.4 7.2 4.7 
5 | 10.0 4.1 
6 | 8.6 9.6 5.9 4.2 
7 | 11.4 | 10.3 6.3 4.3 
8 | 9.8 | 6.6 | 
9 | 10.3 | 9.6 6.6 3.0 
Average + 8.€...... 10.3 + 0.4 | 10.4 + 0.2 6.5 + 0.2 





although not nearly as much as in the case of aerobic phosphorylation 
coupled to the oxidation of succinate. An average figure for phosphate 
uptake is not given, since the effect increases slowly with time. By the 
4th postirradiation day, the decrease was approximately 25 per cent. Since 
neither the control nor the irradiated spleen possessed the ability to de- 
phosphorylate HDP directly, this could not be ascribed to an increase in 
hexosediphosphatase. Similarly, under these conditions, the dephosphor- 
ylation of the added adenylic acid could not account for the discrepancy. 


Effect of Fluoride 


Since it was shown in the preceding sections that, in the presence of 
pyruvate, the lactic acid production of control tissue was not significantly 
altered by fluoride, it was of interest to determine whether this remained 








true it 
lifts tl 
subste 

Tak 
irradi; 
oseph 
in eac 
fluoric 
tion ¢ 

The 
irradi: 
was a 


The 


Fluc 


aoe, ie Ae. 


Tim 
text. 


bolic 
block 
contre 
AX 
of the 
effect 
lackin 
lactic 
that a 
glycol 
tratio 
sible | 
The 
adeni! 
earlie: 





to 
er 


m 
th 
he 


of 
tly 
red 





J. HICKMAN AND G. ASHWELL 655 


true in the irradiated spleen. Furthermore, since the omission of fluoride 
lifts the obligatory requirement for pyruvate, all four combinations of these 
substances were studied. 

Table III illustrates the marked fall in lactic acid production of the 
irradiated spleen in the absence of fluoride and the simultaneous rise in tri- 
osephosphate. Inasmuch as the disappearance of HDP proceeded equally 
in each instance, it seems clear that the irradiated spleen, in the absence of 
fluoride, was blocked at the oxidation step with the consequent accumula- 
tion of triosephosphate. 

The fact that triosephosphate dehydrogenase was not affected by the 
irradiation is obvious from the data in Table II. Therefore, since there 
was @ failure of glycolysis in the absence of fluoride, which is itself a meta- 


TaBLe III 
Effect of Fluoride and Pyruvate on Glycolysis 
The values are given in micromoles per mg. of N. 














| | Lactic acid Triosephosphate 
Fluoride | Pyruvate se —— - —— — — 
| Control spleen —— Control spleen —— 
+ + 8.2 8.7 1.6 1.9 
“ + 8.6 3.1 2.0 | 5.5 
+ 1 0.6 0.6 1.9 1.9 
og - 5.7 1.3 i | 5.2 














Time of incubation, 40 minutes. No hexokinase added; other conditions as in the 
text. The spleens were removed 3 days after irradiation. 


bolic inhibitor, it is reasonable to assume that the fluoride was acting to 
block an enzymatic side reaction taking place in the irradiated but not the 
control tissue. 

A probable mechanism appeared to be the fluoride-inhibited destruction 
of the coenzymes associated with the oxidizing step. Table IV shows the 
effect on glycolysis of incubating varying amounts of DPN in a system 
lacking fluoride and pyruvate. It can be seen that a minimal amount of 
lactic acid was formed in control tissue in the absence of added DPN and 
that a 4-fold increase in DPN concentration had no stimulating effect upon 
glycolysis in the irradiated tissue. The failure to respond to high concen- 
trations of the coenzyme would indicate that lack of DPN was not respon- 
sible for the block in glycolysis. 

The second possibility considered was the abnormal destruction of the 
adenine nucleotide phosphate acceptor system. As has been mentioned 
earlier, adenylic acid was found to function as well or better than adeno- 
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sinepyrophosphate in the spleen, although it is generally conceded that 
ADP is the primary acceptor for phosphorus. However, since the spleen 
homogenate is known to contain an active myokinase (2), it is quite possible 


TABLE IV 
Effect of DPN Concentration upon Lactic Acid Formation 
The values are given in micromoles per mg. of N. 














Lactic acid formation 
DPN xX 10-¢ ee enone Ses yn eee ee ar ee 
Control spleen Irradiated spleen 

pM 

0 0.9 0.9 

3* 4.6 0.7 

6 3.8 0.7 
12 | 3.1 0.7 











Time of incubation, 40 minutes. Hexokinase, fluoride, and pyruvate omitted; 
other conditions as in the text. The spleens were removed 4 days after irradiation. 
* Amount routinely used. 


TABLE V 
Effect of Adenylic Acid on Glycolysis 
The values are given in micromoles per mg. of N. 


























Control spleen | Irradiated spleen 
4 With AMP Without AMP With AMP | Without AMP 
Fluoride ly Seeks IPE CT: eles a oe Boye tees ah A ee, 
| } | 
. | Triose- . | Triose- | .. | Triose- | . | Triose- 
Lactic Lactic Lactic Lactic 
- h : hos- ; h: | A 
acid | iets acid oe acid skate | acid Lrerd 
ereaneceree TSE eT EGE (PEO CAMISY SRUNOS OMEN SEC 
| | | 
+ | + 9.0 | 1.2 2.1 | 4.2 | 9.7 | ta |) 34 | 3S 
- | + 94 | 06 | 3.0'| 3.4 | 3.5 | 3.1 | 3.4 | 3.6 
+ | - 0.6 | 1.2 | 06 | 4.1 | 10 | 15 | 16 | 3.9 
- | SS 0.6 0.6 4.4 1.6 3.6 1.3 2.9 


oniekt 





40 minutes incubation; no hexokinase. The spleens were removed 3 days after 
irradiation. 


that catalytic amounts of ADP are formed from the added AMP and trace 
amounts of ATP present in the tissue. In any event, when adenylic acid 
was omitted from the reaction mixture (Table V), it was evident that the 
pattern of lactic acid formation characteristic for irradiated tissue in the 
absence of fluoride could be produced in control tissue. It should be noted 
that in this case control tissue showed the same accumulation of triosephos- 
phate as that found in irradiated tissue when fluoride was absent. 
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In order to establish definitely that the lack of a phosphate acceptor was 
the cause for the failure of glycolysis in the irradiated spleen, the reaction 
was run in the presence of arsenate. In this case, the unstable 1-arseno-3- 
phosphoglyceric acid formed breaks down spontaneously, liberating ar- 
senate and phosphoglyceric acid. This reaction was carried out in the 
presence of pyruvate and the completion of the oxidation step was reflected 
immediately by the formation of lactic acid. If the pyruvate is omitted 
under these conditions, the rate of glycolysis becomes inordinately pro- 
longed. 

The results of this experiment are shown in Table VI. The arsenate 
had no effect upon glycolysis in control tissue, while the marked deficit in 
lactic acid formation in the irradiated tissue without fluoride was completely 
compensated for in the presence of this artificial acceptor. Inasmuch as 


TABLE VI 
Effect of Arsenate on Lactic Acid Formation 
The values are given in micromoles per mg. of N. 








Control spleen | Irradiated spleen 
Fluoride er ae 2 ae els Stiegl 
Without arsenate | With arsenate | Without arsenate | With arsenate 
| | ppl 
+ | 8.8 9.0 | 9.4 | 9.2 
- | 8.9 8.8 | 3.4 9.4 











No hexokinase; pyruvate present. 12 um of sodium arsenate were added in the 
designated flasks. The spleens were removed on the 3rd day after irradiation. 


the block could now be definitely ascribed to a lack of phosphate acceptor, 
an accumulation of 1 ,3-diphosphoglyceric acid was postulated. Repeated 
attempts to determine this compound by means of the hydroxamic acid 
reaction of Lipmann and Tuttle (14) were made, but in no case were sig- 
nificant concentrations found. 


Metabolic Fate of Adenylic Acid 


Since the adenylic acid added in these experiments functioned as the 
immediate phosphate acceptor, or as a precursor for the acceptor, it was 
imperative to investigate the inactivation process. In order to do this, 
the incubation mixture was simplified by the omission of HDP, DPN, and 
nicotinamide, the latter because of interference with the spectrophotometric 
methods employed in the assay procedure. Under these conditions, no 
glycolysis takes place and the adenylic acid is simply exposed to the action 
of the spleen in a salt solution similar to that used in the previous experi- 
ments. The incubation was stopped at 10 minute intervals, the tissue 
precipitated with perchloric acid, chilled, and neutralized with 2 n potas- 
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sium hydroxide, the protein and insoluble potassium perchlorate were re- 
moved, and the enzyme assays carried out on the clear supernatant fluid, 


TaBie VII 
Fate of Adenylic Acid in Spleen Homogenates in Absence of Fluoride 
The values are given in micromoles. 





Hypoxanthine 


Adenylic acid Hypoxanthine ribeeide Adenosine Recovery 
Incubation } 
time : aeerete 7 = — 
| Control p ma | Control =, Control = d Control an Control P news d 
ili ena aS ae) Ee ae si —_ 2 eae : : 
min. | | 
0 | 2.40 | 2.40 | 0.00 | 0.00 | 0.00 | 0.00 0.0 | 0.0 | 2.40 | 2.40 
10 | 1.97 | 1.12 | 0.10 | 0.31 (0.31 | 0.46 | 0.0 | 0.55 | 2.38 2.44 
20 =| «1.75 0.87 0.26 | 0.61 | 0.35 | 0.73 0.0 0.0 | 2.36 | 2.21 
30. | 1.52 | 0.63 | 0.33 | 0.79 | 0.37 | 0.71 | 0.0 0.0 2.22 | 2.13 
40 | 1.30 | 0.29 | 0.55 | 1.05 | 0.57 | 0.82 | 0.0 | 0.0 | 2.42 | 2.16 











Conditions as in the text. The spleens were removed on the 3rd to the 5th day 
after irradiation. 


TaB_e VIII 
Fate of Adenylic Acid in Spleen Homogenates in Presence of Fluoride 
The values are given in micromoles. 





Hypoxanthine 


Adenylic acid Hypoxanthine riboside 


Incubation | 
time ete 


Adenosine Recovery 


Irra- ’ | Trra- ee ieee | iere- | leon 
Control diated Control | diated Control | diated Control | diated Control diated 


0 | 2.40 | 2.40 | 0.00 | 0.00 | 0.00 | 0.00 0.00 | 0.00 | 2.40 | 2.40 
10 | 2.13 | 1.80 | 0.10 | 0.08 | 0.18 | 0.50 | 0.00 | 0.00 2.41 | 2.38 
20 2.02 1.71 0.15 | 0.17 0.17 | 0.44 | 0.00 | 0.00 | 2.34 | 2.32 
30 2.01 1.46 0.14 | 0.28 | 0.16 | 0.50 | 0.00 | 0.00 | 2.31 | 2.24 
40 1.88 1.32 0.28 | 0.36 0.16 | 0.57 | 0.00 | 0.00 2.32 | 2.25 








Conditions as in the text. The spleens are removed on the 3rd to the 5th day after 
irradiation. 


Tables VII and VIII reveal that the adenylic acid which disappeared in 
both control and irradiated tissue could be completely accounted for as the 
sum of the free base, hypoxanthine, and its riboside, inosine. In the one 
instance in which this was not true, irradiated tissue in the absence of 
fluoride, the difference was due to the accumulation of an appreciable 
amount of adenosine, the dephosphorylation product of adenylic acid. 
From these data it is not clear whether this represents a different pathway 
of conversion or whether, due to the extremely rapid rate of breakdown, a 
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subsequent step became rate-limiting, with the resulting accumulation of 
this intermediate. Further work is in progress to clarify the mechanism 
whereby the adenine nucleotides are degraded and to trace the fate of the 
ribose moiety which is partially metabolized under these conditions. 


SUMMARY 


A study of the glycolytic enzymes in spleen homogenates prepared from 
mice exposed to lethal whole body x-irradiation yielded the following re- 
sults. 

1. Triosephosphate dehydrogenase was unaffected. 

2. Phosphorylation coupled to the oxidation of triosephosphate was de- 
creased. 

3. Glycolysis proceeding from hexosediphosphate to lactic acid was in- 
terrupted by the increased destruction of the adenine nucleotide phosphate 
acceptor. 

4. The adenylic acid which disappeared was completely accounted for 
as the sum of adenosine, hypoxanthine, and hypoxanthine riboside. 
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THE FORMATION OF SEDOHEPTULOSE PHOSPHATE FROM 
PENTOSE PHOSPHATE 


By B. L. HORECKER, P. Z. SMYRNIOTIS, ann HANS KLENOW* 


(From the National Institute of Arthritis and Metabolic Diseases, National Institutes 
of Health, United States Public Health Service, Bethesda, Maryland) 


(Received for publication, July 8, 1953) 


In 1932, Warburg and his collaborators (1) discovered an enzyme system 
in red blood cells which catalyzed the oxidation of glucose-6-phosphate 
with triphosphopyridine nucleotide (TPN) as the coenzyme. The product 
of the reaction, identified as 6-phosphogluconate (2), was later found to be 
further oxidized in the presence of the same coenzyme (3). This work, 
together with similar studies by Lipmann (4) and Dickens (5, 6), indicated 
the existence of a pathway for the direct oxidation of glucose-6-phosphate 
which was distinct from the Embden-Meyerhof glycolytic mechanism. 
The formation of pentose phosphate in the oxidation of 6-phosphogluco- 
nate, first demonstrated by Dickens (6), was confirmed and extended by 
Scott and Cohen (7) and by Horecker, Smyrniotis, and Seegmiller (8, 9). 
Ribulose-5-phosphate was identified as the product of the oxidative decar- 
boxylation of 6-phosphogluconate in yeast and in animal tissues, and this 
ester was shown to be in equilibrium with ribose-5-phosphate (8). 

In a preliminary communication (10), we have reported the identification 
of sedoheptulose-7-phosphate as a product of pentose phosphate metabo- 
lism. Evidence obtained with crude liver preparations (11) suggested that 
this substance was an intermediate in the conversion of pentose phosphate 
to hexose monophosphate. The present paper is concerned with the cleav- 
age of pentose phosphate by purified enzymes from rat liver or spinach 
which results in the formation of sedoheptulose phosphate.! The enzyme 
(or enzymes) which catalyzed this conversion has been shown to contain 
thiamine pyrophosphate as the prosthetic group (13, 14). On the basis of 
its ability to catalyze the formation and breakdown of ketol linkages, it is 
referred to as transketolase. 


Methods 


Materials—Barium ribulose-5-phosphate was prepared enzymatically by 
the oxidation of 6-phosphogluconate, as previously described (15). The 

*Predoctoral Fellow of the National Institutes of Health. Present address, 
Universitetets, Institut for Cytofysiologi, Copenhagen, Denmark. 

1 The formation of sedoheptulose phosphate from pentose phosphate by spinach 
leaf extracts has recently been reported by Axelrod et al. (12). 
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specific rotation was [a]?? —28.2° to —31.9°, from which it was estimated 
that in these preparations about 15 to 20 per cent of the pentose was 
ribose-5-phosphate. Barium ribose-5-phosphate, barium fructose diphos- 
phate, and thiamine pyrophosphate were commercial preparations. Re- 
duced diphosphopyridine nucleotide (DPNH) was prepared by the method 
of Ohlmeyer (16) from DPN obtained by the method of Kornberg and 
Pricer (17). TPN was prepared according to Kornberg and Horecker (18), 
L-Erythrulose o-nitrophenylhydrazone was prepared from erythritol with 
Acetobacter suboxydans according to Miiller, Montigel, and Reichstein (19). 
A sample was provided by Dr. G. C. Mueller of the University of Wiscon- 
sin. D-Erythrose was a gift of Dr. H. S. Isbell of the National Bureau 
of Standards. p1i-Glyceraldehyde-3-phosphate was supplied by Dr. H. A. 
Lardy of the University of Wisconsin. Sedoheptulosan monohydrate was 
provided by Dr. N. K. Richtmyer of this Institute. Fructose-1-phosphate 
synthesized by Pogell (20) was supplied by Dr. R. W. McGilvery of the 
University of Wisconsin. Ribose-1-C', obtained from Dr. H. S. Isbell, 
was esterified in the 5 position with a bacterial ribokinase. The prepara- 
tion of this enzyme will be reported in a subsequent publication. Hydroxy- 
pyruvic acid was kindly provided by Dr. A. Meister of the National Cancer 
Institute. 

Glycerophosphate dehydrogenase was a crude preparation from rabbit 
muscle (21) which also contained triose phosphate isomerase and aldolase. 
Crystalline aldolase was prepared according to Taylor et al. (22). Zwi- 
schenferment free of phosphogluconic dehydrogenase was prepared by the 
method of Kornberg (23). Hexose phosphate isomerase was prepared from 
rabbit muscle extract by precipitation with ammonium sulfate between 20 
and 50 per cent saturation. The precipitate was stored as a paste at 5° 
and dissolved as needed. Acid phosphatase was purified from potato by 
the method of Kornberg.” 

Dowex 1, 10 per cent cross-linked, was obtained from The Dow Chemical 
Company. 

Analytical Methods—Spectrophotometric measurements were made at 
room temperature with a Beckman model DU spectrophotometer in 1.0 
em. cells. Manometric determinations were carried out with the conven- 
tional Warburg apparatus. Radioactivity was measured in a gas flow 
counter (24) with sufficiently thin samples to give negligible self-absorption 
(<10 per cent). 

Thiamine pyrophosphate was determined by the method of Ochoa and 
Peters (25). 

Mixtures of pentose and heptulose (or their phosphate esters) were ana- 
lyzed in the orcinol test according to Mejbaum (26), except that heating 


? Unpublished procedure. 
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was continued for 40 minutes (27). The solutions were read at 580 and 
670 my and the concentration of pentose and heptulose calculated by the 
solution of simultaneous equations. Recrystallized p-arabinose ([a]? 
—104.5°) and sedoheptulosan monohydrate served as standards and were 
included in each set of determinations. The recovery of arabinose and 
sedoheptulose from known mixtures is shown in Table I. Occasionally 
other components of the reaction mixtures, such as fructose esters, inter- 
fered with the determinations; when large amounts of these were present 
suitable corrections were made. With sedoheptulose-7-phosphate the ab- 
sorption at 580 my is not significantly different from that with sedoheptulo- 


TABLE I 
Pentose and Heptulose Determination with Orcinol Test 
1.0 ml. of solution containing the quantities of pentose and heptulose indicated 
was treated with 0.1 ml. of 10 per cent orcinol in ethanol and 1.0 ml. of 0.1 per cent 
FeCl; in concentrated HCl. The solutions were heated for 40 minutes at 100° and 
cooled, and the densities determined with the Beckman spectrophotometer. 














Added Optical density Found* 
Sedoheptulosan Arabinose 580 my 670 mp | Heptulose Pentose 
aw xX | ou xe | by beck um X 108 

0 40.0 0.121 0.458 0.1 40.0 
10.0 30.0 0.175 0.365 10.2 30.0 
20.0 20.0 0.235 0.279 | 20.8 20.0 
30.0 10.0 0.286 0.184 30.8 9.5 
40.0 0 0.336 0.097 | 40.0 0.0 

















* Calculated from equations derived from the first and last samples: heptulose 


= (3.8Dss0 — Dezo) (0.034); pentose = (3.5D670 — Dsso) (0.027); D refers to optical 
density. 


san, although the rate of color development is somewhat greater. How- 
ever, since ribulose-5-phosphate yields a somewhat lower intensity at 670 
my than the aldopentose standards (15), accurate measurements of stoi- 
chiometry could not be carried out with this substrate. For such measure- 
ments ribose-5-phosphate, which reacts quantitatively in the orcinol test, 
was employed. Either substrate could be used, since all of the transketo- 
lase preparations contained pentose phosphate isomerase. The amount 
of ribulose-5-phosphate formed from ribose-5-phosphate at equilibrium 
(about 25 per cent of the total pentose) did not appreciably alter the 
pentose values obtained in the orcinol test. 

Glucose-6-phosphate was determined spectrophotometrically with TPN 
and Zwischenferment (28). Total hexose monophosphate was determined 
by the same procedure except that hexose phosphate isomerase was also 
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added. Total triose phosphate, together with hexose diphosphate, was 
determined spectrophotometrically with DPNH and the glycerophosphate 
dehydrogenase preparation (21). pv-Glyceraldehyde-3-phosphate was de- 
termined with DPN and recrystallized glyceraldehyde-3-phosphate dehy- 
drogenase (29). Protein was determined by the turbidimetric method of 
Biicher (30), standardized with protein samples of known nitrogen content. 

Enzyme Assays—In crude preparations aldolase activity was determined 
by the method of Sibley and Lehninger (31). A unit of aldolase was 
defined as the amount of enzyme required to give a density of 1.0 at 540 
my, measured in 16 mm. cuvettes with the Coleman junior spectrophotom- 
eter. The activity of crystalline aldolase was measured spectrophotomet- 
rically with hexose diphosphate, DPN, and crystalline glyceraldehyde-3- 
phosphate dehydrogenase. 

Transketolase was assayed by the method developed by Racker for 
phosphofructokinase (21), which depends on the formation of triose phos- 
phate. The reactions, which will be discussed more fully later, are in part 
represented by the following equations. 


(1) Ribulose-5-phosphate — triose phosphate + ‘‘active glycolaldehyde’’ 
(2) Triose phosphate + DPNH + Ht — a-glycerophosphate + DPN*+ 


The test system contained 0.4 um of ribulose-5-phosphate, 0.06 um of 
DPNH, 0.14 mg. of glycerophosphate dehydrogenase preparation, 6.0 um 
of cysteine, and 10.0 um of glycylglycine buffer, pH 7.5. The total volume 
was 1.03 ml. In the presence of excess glycerophosphate dehydrogenase 
and triose phosphate isomerase the rate of DPNH oxidation (measured 
at 340 my) was proportional to the amount of transketolase present. Thus 
with 0.26, 0.53, and 0.79 y of spinach transketolase the rate of density 
change was 0.013, 0.026, and 0.038 per minute, respectively. A unit of 
enzyme was defined as the amount required to give a decrease in optical 
density of 1.0 per minute under the conditions of the test. The specific 
activity is the number of units per mg. of protein. 


Purification from Liver (Table IT) 


Extraction—Acetone powder of rat liver was prepared as previously de- 
scribed (32). The powder (24 gm.) was extracted for 15 minutes at 0° 
with 265 ml. of 0.02 m K,HPO,, centrifuged, and the residue discarded. 
(Acetone powder extract, 215 ml.) 

Ammonium Sulfate Fractionation—The acetone powder extract was 
treated with 62.5 gm. of ammonium sulfate and centrifuged, and to the 
supernatant solution were added 26.8 gm. of ammonium sulfate. The 
precipitate was collected by centrifugation, dissolved in 75 ml. of 0.01 m 
phosphate buffer, pH 7.6, and adjusted to pH 7.7 with 2.5 ml. of 2. N 
ammonium hydroxide. (Ammonium Sulfate I, 74.0 ml.) 








Me 
perfot 
To 37 
water 
additi 
was ¢ 
minu’ 
remo’ 
fuge, 
mann 
30 m! 


Aceto 
Amm: 
Meth 
Aceto 
Amm 


a 


refrac 





le- 





HORECKER, SMYRNIOTIS, AND KLENOW 665 


Methanol Fractionation—The methanol fractionation which followed was 
performed on a small scale to permit rapid cooling and centrifugation. 
To 37 ml. of the ammonium sulfate fraction, diluted to 120 ml. with cold 
water, were added 130 ml. of methanol, previously chilled to —12°. The 
addition was complete in about 30 seconds, following which the solution 
was cooled in an ice-ethanol freezing bath at —20° for not longer than 2 
minutes, until the temperature was —13° to —16°. The precipitate was 
removed by centrifugation for 1 minute at —10° in a Servall SS-1 centri- 
fuge, and the slightly turbid supernatant solution was treated in the same 
manner with 95 ml. of cold methanol. The precipitate was suspended in 
30 ml. of water and the insoluble residue centrifuged and discarded. The 














TaBLeE II 
Purification of Transketolase from Rat Liver 

With ribose-5-P With ribulose-5-P 

Fraction ee! . ae LE SA Oe 
Total units Total units (Specific activity 
unils per mg. 

Acetone powder extract.................... 388 409 0.06 
ee 170 207 0.11 
PUI HOUR. 55 ois ic ca vseccevncsceucs 87 138 0.53 
EE MN Sig Vala s usp aan a enlaa he's sobs 42 77 1.08 
Ammonium Sulfate IT...................... 20 32 2.65 

“ i) aka vewe we aeling 17 56 3.0 











* Several preparations at the stage of Ammonium Sulfate II were pooled and 
refractionated with ammonium sulfate. 


procedure was repeated and the solutions combined. (Methanol fraction, 
58 ml.) 

Acetone Fractionation—For the acetone fractionation the combined meth- 
anol fractions were diluted with 12 ml. of water and treated with 2 ml. of 
4m sodium acetate. The acetone additions required about 2 minutes, 
during which time the solution was cooled to —8° in a freezing bath. 
After 3 minutes at this temperature the solutions were centrifuged for 2 
minutes (International, size 2) and the precipitates dissolved in 8 ml. of 
cold water. The first fraction was collected after the addition of 22 ml. of 
acetone and two more fractions after the further addition of 11 ml. each 
time. The last two fractions were assayed separately; the bulk of the 
activity was usually, although not invariably, in the last fraction. (Ace- 
tone fraction, 9.2 ml.) 

Calcium Phosphate Gel Adsorption and Ammonium Sulfate Fractionation 
I1]—The acetone fraction was treated with 7.5 ml. of calcium phosphate 
gel (33) which had been aged 3 to 6 months (dry weight 8 mg. per ml.). 
The gel was centrifuged and discarded. The solution (14.5 ml.) was treated 
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with 5.2 gm. of ammonium sulfate and centrifuged. The supernatant 
solution was treated with 0.5 gm. of ammonium sulfate and the precipitate 
collected and dissolved in 2.0 ml. of 0.02 m phosphate buffer, pH 8.0, 
(Ammonium Sulfate II, 2.5 ml.) 

Properties of Purified Liver Preparation—With the crude extract the rate 
of pentose phosphate cleavage was as rapid with ribose-5-phosphate as with 
ribulose-5-phosphate. The purified preparations, however, were 2 to 3 
times as active with ribulose-5-phosphate (Table II). The presence of 
pentose phosphate isomerase could be demonstrated in these preparations, 
Further efforts to remove this isomerase were not successful. 

The liver preparations lost activity when stored overnight in the frozen 
state, but were fully reactivated by the addition of cysteine. With the 
assay system described, which contained cysteine, the purified liver enzyme 
preparations showed no decline in activity during storage for 10 months 
at —16°. 


Purification from Spinach (Table 111) 


Extraction and Ammonium Sulfate Fractionation I—60 gm. of spinach 
leaves, from which the stems were removed, were homogenized for 3 min- 
utes in a Waring blendor with 360 ml. of cold 50 per cent saturated ammo- 
nium sulfate which had been adjusted to pH 7.8 with concentrated ammo- 
nium hydroxide. The homogenates were filtered with Schleicher and 
Schuell No. 588 fluted filter paper. 16.9 liters of filtrate derived from 3.6 
kilos of leaves were treated with 3.82 kilos of ammonium sulfate and 
filtered overnight in the cold room. The precipitate was dissolved in 500 
ml. of water and adjusted to pH 7.1 with 2.2 ml. of 2 N ammonium hy- 
droxide. (Ammonium Sulfate I, 600 ml.) 

Ammonium Sulfate Fractionation II—The solution was diluted with wa- 
ter (180 ml.) to bring the ammonium sulfate saturation to 0.10, as deter- 
mined by conductivity measurement with a model PM-2 Barnstead purity 
meter. The diluted solution was treated with 176 gm. of ammonium 
sulfate and centrifuged, and to the supernatant solution were added 78 gm. 
of ammonium sulfate. The second precipitate was collected by centrifuga- 
tion, dissolved in 90 ml. of water, and neutralized with 0.3 ml. of 2 n 
ammonium hydroxide. (Ammonium Sulfate IT, 108 ml.) 

Calcium Phosphate Gel Adsorption and Ammonium Sulfate 111—The solu- 
tion was diluted with 1188 ml. of water to bring the protein content to 1.2 
mg. per ml., treated with 1130 ml. of calcium phosphate gel (6.6 mg. dry 
weight per ml.), and centrifuged. The enzyme was eluted with 216 ml. of 
0.01 m pyrophosphate buffer, pH 8.3. The eluate (262 ml.) was treated 
with 81.0 gm. of ammonium sulfate, centrifuged, and the supernatant solu- 
tion treated with 30.0 gm. of ammonium sulfate. The precipitate obtained 
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was collected by centrifugation, dissolved in 25 ml. of water, and neutral- 
ized with 0.65 ml. of 0.2 nN ammonium hydroxide. (Ammonium Sulfate 
III, 29.0 ml.) 

Acetone Fractionation—Ammonium Sulfate III was dialyzed overnight 
against 0.1 Mm sodium acetate, adjusted to pH 7.2. The dialyzed solution 
was diluted to 77.4 ml. with 0.1 m sodium acetate to bring the protein 
content to 6.2 mg. per ml. and cooled in a freezing bath while 47.5 ml. of 
cold acetone were added. The solution was kept at —8° for 3 minutes, 
centrifuged rapidly, and the precipitate dissolved in 20 ml. of water. Three 
more fractions were collected in the same manner by the addition of 14, 
15, and 25 ml. of acetone, respectively. These fractions were assayed 


TaBLeE III 
Purification of Transketolase from Spinach 





Fraction Total units | Specific activity 





| | units per mg. 
| | 


I G5 ons site ancondeeneeness | 24,500 | 0.4 
Ammonium Sulfate I. ...................4. 17,100 1.6 
- <i. ee ets 14,000 9.2 
. ee OG 28 cc asieee eseattes 9,440 18.2 
NOURI TANI isa bc ees cle bdaNe vets 7,270 37.0 
Ammonium Sulfate IV...................... 5,440 47 .0* 





*Assayed with ribulose-5-phosphate; the rate with ribose-5-phosphate was 50 to 
60 per cent lower. 


separately and the most active ones (usually Fractions 3 and 4) were pooled. 
(Acetone fraction, 42.0 ml.) 

Ammonium Sulfate 1V—The acetone fractions were diluted to 72.0 ml. 
and treated with 72.0 ml. of cold saturated ammonium sulfate, which had 
previously been adjusted to pH 7.8, and centrifuged. The supernatant 
solution was treated with 8.6 gm. of ammonium sulfate and centrifuged. 
The precipitate was dissolved in 3.0 ml. of 0.25 m glycylglycine buffer, pH 
7.4. Two more fractions were collected by successive additions of 4.7 gm. 
of ammonium sulfate and the precipitates dissolved as before. Fractions 3 
and 4, after assay, were combined. (Ammonium Sulfate IV, 6.6 ml.) 


Products of Pentose Phosphate Metabolism 


With Purified Liver Transketolase—Although the purified preparation 
was active in the assay system based on triose phosphate formation (Equa- 
tions 1 and 2), by itself it catalyzed only a limited cleavage of ribose-5- 
phosphate or ribulose-5-phosphate. When the crude glycerophosphate 
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dehydrogenase preparation employed in the assay system was also present, 
a rapid and extensive disappearance of pentose phosphate occurred. The 
same result was obtained when crystalline muscle aldolase replaced the 
glycerophosphate dehydrogenase preparation. In the presence of both 
aldolase and liver transketolase the disappearance of pentose phosphate 
was accompanied by the formation of heptulose phosphate (Fig. 1). The 
spectrum obtained in the orcinol test with the products of the enzyme 
reaction represented that which would arise from a mixture of heptulose 
phosphate and pentose phosphate; the reaction therefore did not proceed 
to completion. The residual pentose phosphate was isolated by ion ex- 
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Fria. 1. The conversion of pentose phosphate to heptulose phosphate with liver 

transketolase and aldolase. The reaction mixture contained 0.20 um of ribulose-5- 

phosphate, 0.07 mg. of liver transketolase, 0.09 mg. of aldolase, 6 um of cysteine, and 

10 un of glycylglycine buffer, pH 7.4. Aliquots for the orcinol assay were taken after 

60 minutes at room temperature in the case of the complete system; after 30 minutes 

in the experiment without aldolase. However, longer incubation in the absence of 

aldolase led to little further change. The broken line represents the spectrum ob- 
tained with sedoheptulosan in the orcinol reaction. 


change chromatography and found to be an equilibrium mixture of ribulose- 
5-phosphate and ribose-5-phosphate. It was fully active in the transketo- 
lase assay system. 

The stoichiometry of pentose phosphate conversion in the presence of 
aldolase is shown in Table IV. 1 mole of heptulose phosphate was formed 
for every 2 moles of pentose phosphate which reacted. Triose phosphate 
which accumulated, including that converted to hexose diphosphate, was 
only about one-half of the heptulose formed. 

With Purified Spinach Transketolase—Purified spinach preparations with 
specific activity about 20 times greater than that of the best liver prepara- 
tions catalyzed the conversion of pentose phosphate to heptulose phosphate 
in the absence of added aldolase (Table V). No aldolase activity could be 
detected in the spinach preparation; however, some increase in pentose 
utilization was observed when large amounts of aldolase were added. 
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ent, In the presence of excess substrate the activity of the purified spinach 
The — preparation with ribose-5-phosphate was about 40 to 50 per cent of that 
the | obtained with ribulose-5-phosphate; however, pentose phosphate isomerase 

















yoth | was still present. As in the case of the liver enzyme, the reaction did not 
hate — go to completion and the pentose phosphate recovered from the reaction 
The 
yme TaBLe IV 
lose Stoichiometry of Pentose Phosphate Conversion with Liver Transketolase 
eed The reaction mixture contained 6.26 um of pentose phosphate, 0.36 mg. of liver 
transketolase, 0.37 mg. of aldolase, 11 um of glycylglycine buffer, pH 7.5, and 7 um 
= of cysteine. The total volume was 1.1 ml.; the temperature was 23°. 
30 min. 60 min. 
pM | aM 
Pentose phosphate consumed............... —3.59 —4.78 
Heptulose phosphate formed................ +1.54 +2.43 
Triose phosphate formed.................... +0.74 +0.71 
Fructose diphosphate formed................ +0.08 +0.24 
TABLE V 
Pentose Phosphate Conversion with Spinach Transketolase 
The reaction mixture (0.6 ml.) contained 3.10 um of ribulose-5-phosphate, 0.01 
iver mg. of spinach transketolase (28 units per mg.), 8 um of glycylglycine, and 3 uM of 
e-5- cysteine. The pH was 7.4 and the temperature 25°. 0.08 mg. of aldolase was added 
and as indicated. The pentose utilization values are approximate, since the precise < 
fter value for ribulose phosphate in the orcinol reaction is not known. 
utes Pentose phosphate utilized | Heptulose phosphate formed 
e of Min. | : — en he Mi DELLE E 
ob- | No aldolase Aldolase No aldolase Aldolase 
x BM uM uM | uM 
30 Seen le a ee 
86- 60 1.59 2.32 0.98 1.17 
to- 90 1.97 2.53 1.19 1.32 
> of , , : - 
“al mixture by ion exchange chromatography had the properties of an equilib- 
ait rium mixture of ribose-5-phosphate and ribulose-5-phosphate. 
waa Identification of Sedoheptulose—The heptulose ester present after incuba- 
tion of ribose-5-phosphate with the spinach enzyme (or with the liver 
ith preparation and aldolase) was hydrolyzed with acid phosphatase from po- 
al tato and the sugar identified by the formation of sedoheptulosan tetra- 
ote benzoate. 
re Ribose-5-phosphate (457 um) was incubated for 90 minutes at 25° with 
ot 88 mg. of purified liver transketolase and 38 mg. of aldolase in 92 ml. of 
0.01 m glycylglycine buffer, pH 7.6, containing 0.006 m cysteine. The 
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reaction mixture, containing 170 um of sedoheptulose phosphate and 56 
uM of pentose phosphate, was brought to pH 5.2 by the addition of 100 
ml. of 0.2 m sodium acetate buffer, pH 5.0, containing 0.01 m magnesium 
chloride, and incubated for 50 minutes with 3.7 mg. of potato phosphatase, 
The resulting solution, containing 157 um of sedoheptulose, was heated for 
5 minutes at 85° and deionized with a mixed bed deionizing column (Duo- 
lite A-4 and Amberlite IR-120(H+), 2 cm. X 50 cm.). The effluent and 
washings (337 ml.) were evaporated to dryness and the sedoheptulose 
converted to sedoheptulosan by heating at 100° for 1 hour with 1.0 ml. of 
0.5 n HCl. This was converted to the tetrabenzoate by the procedure of 
Haskins, Hann, and Hudson (34). 29 mg. of product (48 um) were ob- 
tained, which after two recrystallizations had the properties shown in 














TaBLe VI 
Sedoheptulosan Tetrabenzoate 
Derivative M.p.* Specific rotation, lal 
ee — 7. on. . a wn. degrees 
OP NN i ocd ho cd ascsewnundan 165.0-165.5 —195t 
(2) Liver enzyme product............ 164.5-165.0 —194f 
Ce” 0 ee ee 163. 5-164.0 
(3) Spinach enzyme product.......... 163.5-164.5 —195t 
@)and (3) mimed.:. ... ..6... 06.0.0 008 163.5-164.5 





* Determined with the Fisher-Johns hot stage apparatus. 
t C = 0.64 in CHCl;. 
tC = 0.39 in CHC). 


Table VI. The identity was further confirmed by examination of the 
x-ray diffraction patterns of the authentic and enzymatic products. 

A similar preparation was carried out with spinach transketolase. The 
incubation mixture contained 690 uM of ribose-5-phosphate and 15.0 mg. of 
purified spinach preparation in 182 ml. of 0.01 m glycylglycine buffer, pH 
7.6, containing 0.006 m cysteine. 268 um of sedoheptulose phosphate were 
formed after 110 minutes at room temperature. This product was dephos- 
phorylated, deionized, and converted to sedoheptulosan tetrabenzoate as 
before. The crude product weighed 16 mg. and after two recrystallizations 
had the properties shown in Table VI. 

Thus the same reaction product was formed with the spinach transketo- 
lase preparation or the liver enzyme fortified with aldolase. 

Isolation of Sedoheptulose Phosphate—The heptulose ester formed from 
pentose phosphate was isolated by ion exchange chromatography. The 
reaction mixture, 50 ml., contained 703 um of ribose-5-phosphate, 15 units 
of spinach transketolase (1.0 mg. of protein), 170 um of cysteine, and 280 
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um of glycylglycine buffer, pH 7.7. After 165 minutes at room temperature 
the reaction mixture, containing 235 um of sedoheptulose phosphate, was 
placed on a Dowex 1 (formate) column 13 em. X 2.5 em., washed with 50 
ml. of water, and eluted with 0.2 Nn formic acid containing 0.03 n sodium 
formate (Fig. 2). The fractions containing heptulose phosphate (Frac- 
tions 24 to 29) were adjusted to pH 6.2 with 5.0 ml. of 4 n NaOH and 21.0 
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Fic. 2. The purification of sedoheptulose phosphate by ion exchange chroma- 
tography. Elution was at the rate of 2 ml. per minute as described in the text. 
The fraction volume was 25 ml. Aliquots (0.02 ml.) were assayed for heptulose phos- 
phate by the orcinol method. O represents heptulose phosphate, @, pentose phos- 
phate. The first pentose peak contains ribose-5-phosphate; the second ribulose-5- 
phosphate. 

Fic. 3. The reversibility of sedoheptulose phosphate formation. The reaction 
mixtures contained 0.6 unit of spinach transketolase in 1.0 ml. of 0.02 m glycylglycine 
buffer, pH 7.6. In the experiment represented by the open circles the substrate was 
2.82 um of ribose-5-phosphate, while the closed circles represent a mixture of 1.50 um 
of sedoheptulose-7-phosphate and 3.0 um of p,L-glyceraldehyde-3-phosphate. Sedo- 
heptulose-7-phosphate was a chromatographed product obtained from ribose-5- 
phosphate with spinach transketolase. 


ml. of saturated barium hydroxide solution and precipitated with 4 vol- 
umes of ethanol. The precipitate was collected by centrifugation, washed 
with 10 ml. of 80 per cent ethanol, and dried in vacuo. The yield of dried 
barium salt was 117 mg. 

50.0 mg. of product dissolved in 1.50 ml. of 0.02 N acetic acid were found 
to contain 85.5 um of sedoheptulose and 86.5 ym of organic phosphate. 
This corresponds to a purity of 73 per cent and indicates the virtual ab- 
sence of other phosphate esters. This was confirmed by enzymatic assay 
for triose phosphate and hexose diphosphate with a-glycerophosphate de- 
hydrogenase and DPNH, and for glucose-6-phosphate with TPN and Zwi- 
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schenferment, which showed the absence of these compounds. The prepa- 
ration contained 4.8 per cent of inorganic phosphate. 


Reversibility of Sedoheptulose Phosphate Formation 


The failure of pentose phosphate to undergo complete conversion to 
sedoheptulose phosphate suggested that the reaction is a reversible one, 
This was confirmed when a mixture of sedoheptulose phosphate and pz- 
glyceraldehyde-3-phosphate was incubated with spinach transketolase, 
Nearly the same amount of pentose phosphate was produced from these 
reactants as remained when pentose phosphate was the substrate (Fig. 3). 
The same was also roughly true for sedoheptulose phosphate. Under these 
conditions the reaction appears to favor the breakdown of pentose phos- 
phate. 

Evidence for the reversibility of sedoheptulose phosphate formation has 
also been obtained with the purified liver preparation. In the presence of 
0.8 unit of liver transketolase, without added aldolase, 0.5 um of pentose 
phosphate was formed in 30 minutes from 1.5 ym of sedoheptulose phos- 
phate and 2.8 um of pi-glyceraldehyde-3-phosphate. More extensive pen- 
tose synthesis by this preparation was prevented by the presence of enzymes 
which caused a rapid disappearance of the p-glyceraldehyde-3-phosphate 
added. 


Coenzyme of Transketolase 


The presence of thiamine pyrophosphate (ThPP) in the purified spinach 
preparation was first detected by paper chromatography of a boiled enzyme 
preparation by use of a modified thiochrome reaction.? Quantitative as- 
say of the enzyme preparation with yeast carboxylase (Table VII) showed 
it to contain nearly 1 equivalent of coenzyme per mole of protein, assum- 
ing the molecular weight to be 100,000 gm. per mole. 

Transketolase was prepared free from coenzyme by precipitation at low 
pH in the presence of ammonium sulfate, with essentially the procedure 
which was introduced by Warburg and Christian (35) for the flavoproteins. 
3.0 ml. of spinach transketolase containing 5.2 mg. of protein (19.7 units 
per mg.) were brought to 45 per cent saturation by the addition of 2.5 ml. 
of saturated ammonium sulfate solution and buffered with 0.07 ml. of 
4M sodium acetate. The solution was placed in an ice bath and 0.2 ml. of 
2.2 N sulfuric acid were added until the solution was acid to methyl orange. 
After 5 minutes at 0° the precipitate was collected by centrifugation in the 
cold, dissolved in 1.0 ml. of 0.25 m glycylglycine buffer, pH 7.4, and neu- 
tralized with 2.0 nN ammonium hydroxide. The resolved enzyme was stable 


* Unpublished procedure of Dr. 8. Korkes of New York University. 
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when stored in the frozen state at —16°. Liver transketolase was pre- 
pared free of coenzyme in the same manner. 

The yield of resolved enzyme by this procedure was 70 to 80 per cent, 
and no loss in specific activity was observed. In the presence of excess 
ThPP the specific activity of a resolved spinach enzyme preparation was 
20.6 units per mg., compared with 19.7 units per mg. before acid precipi- 
tation. Under similar conditions the specific activity of the liver enzyme 
preparation before and after acid precipitation was 1.3 units per mg. 

The cocarboxylase and Mg++ requirements are shown in Fig.4. Neither 
of the resolved enzyme preparations showed appreciable activity in the 


TaBLe VII 
Thiamine Pyrophosphate Content of Spinach Transketolase 

The Warburg vessels contained 0.02 m sodium pyruvate, 3 X 10-* mM MgCls, 2.5 
X 10-4 m thiamine, 0.014 m phosphate buffer, pH 6.2, and 0.5 ml. of washed yeast 
suspension, equivalent to 25 mg. of dried brewers’ yeast. The total volume was 2.0 
ml.; temperature, 30°. After equilibration, ThPP or transketolase samples which 
had been heated for 5 minutes at 100° were tipped in from the side arm. The evolu- 
tion of COz was followed for 20 minutes, during which time a linear rate was main- 
tained. 

















Addition CO: ThPP ThPP* 
a ul. per hr. uM cquicalonts 
DS oon. «ce k paie hea nd 6 hte de RS Oe ae 75 
BP, OA alts so os vices cals ceive. 162 
MP re eek Side scceau ieee 240 
Boiled enzyme, 0.019 mg................ 142 1.5 X 10-4 0.8 
ad a et aw eevee sett 190 | 2.8 X 10-4 0.7 





* Moles of ThPP per 100,000 gm. of protein. 


absence of ThPP. While spinach transketolase required Mg** for full 
activation, no such requirement was observed with liver transketolase. 
Spinach transketolase was fully reactivated at a ThPP concentration of 
about 10-4 m, and half maximal rates were observed at 1.5 K 10-* m. 
Comparable amounts of the active enzyme before resolution contained 
5X 10-’mThPP. The resolved enzyme thus required much higher ThPP 
concentrations for reactivation than were present in the intact enzyme. 
Furthermore, the activating effect of ThPP was not immediate, but re- 
quired 4 to 6 minutes before linear rates were observed. Similar results 
have been reported for the activation of carboxylase by this coenzyme (36). 


Effect of Aldolase 


With the purified liver transketolase preparations little heptulose phos- 
phate was formed in the absence of added aldolase (Fig. 1). With crude 
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5 preparations, which contained aldolase, the conversion of pentose phos- sults 
phate to heptulose phosphate occurred without further addition (Fig. 5, form 
Experiment A). A synthetic mixture, made up with purified liver trans- whet 































ketolase and crystalline aldolase to contain the same number of units of This 
othe 
? ee PENTOSE | _—|_ HEPTULOSE mec] 
21.2) TRAN aetocase | TR ANSKETOLASE| 3.0; UTILIZATION FORMATION 
o” ADDITIONS: ADDITIONS: c 
4 '-OF oMgtt | aNONE y in Se 
Ouiog eThPP = / | eThPP 3 20- ; 
x Qo) OThPP+Mg 0 ThPP+Mg** 2 D ‘ of di 
z 0.6 5 3 glyce 
ad04 = 1.0} ' ~ » these 
E 0.2 : : are 1 
g ce) —4 r@) 4 4 ——— phos 
| ie ae ale eS ee er ee ee ) 50 100 0 50 = 100 D- 
MINUTES MINUTES to ¢: 
Fie. 4 Fia. 5 See 
7, Fia. 4. The requirement of transketolase for ThPP and Mg*+. Transketolase 
activity was followed by measurement of DPNH oxidation as described in ‘‘Meth- ~~ 
; ods.’”” In A the absorption cells contained 3.9 X 10-* mg. of resolved spinach en- to fo 
; zyme (8.8 units per mg.) and 1 X 10-5 m ThPP and 2 X 10-* m MgCl: as indicated. 47 
% In B the absorption cells contained 0.02 mg. of resolved liver enzyme (1.3 units per 100 
: mg.) and 1 X 10-‘m ThPP and 2 X 10-? m MgCl. as indicated. Mgt+ and ThPP were 10 
ie added last, after the other components of the reaction were mixed. Afte 
3 Fia. 5. Pentose phosphate metabolism with the crude liver preparation and 4 
y with purified liver transketolase with added aldolase. The reaction mixture (08 mat 
; ml.) contained 4.25 um of ribulose-5-phosphate, 3.0 um of glycylglycine buffer, pH prev 
¥ 7.4, and 1.8 um of cysteine. Enzyme additions, as indicated, were 0.12 ml. of crude to p 
3 liver preparation, containing 0.28 unit of transketolase and 11.4 units of aldolase 4 ve 
5 (Sibley-Lehninger method); 0.01 ml. of purified transketolase, containing 0.28 unit nH 
: of transketolase and 0.17 unit of aldolase; 0.014 ml. of crystalline aldolase, contain- 
4 ing 11.2 units. Incubation was at 25°. Experiment A contained the crude liver 22 y 
5 preparation, and Experiment B purified liver transketolase. Experiment C and D estet 
‘ contained purified liver transketolase; aldolase added at the start of the experiment fruct 
r. in Experiment C and at the time indicated by the arrow in Experiment D. The drol: 
" crude preparation was a liver acetone powder extract precipitated with ammonium ees 
> sulfate. The fraction precipitating between 40 and 70 per cent saturation was col- 
ES lected. to ac 
7 Sine 
a each enzyme as were present in the crude liver preparation, was found to labil 
7 utilize pentose phosphate and form heptulose phosphate at the same rate phos 
i (Experiment C). When aldolase was omitted from the purified system, by t 
A the same initial rate was observed (Experiment B and D), but the reaction sedo 
. came to rest after only 26 per cent of the pentose phosphate had reacted. lase 
4 Addition of aldolase after the end-point had been reached resulted in a the : 
. resumption of the reaction at essentially the initial rate. From these re- dete 
} 
f 
a 
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sults it may be concluded that the transketolase equilibrium favors the 
formation of pentose phosphate. Heptulose phosphate accumulates only 
when a suitable mechanism for displacing the equilibrium is provided. 
This function can apparently be performed by aldolase as well as by some 
other component present in the purified spinach preparation; however, the 
mechanism is not yet clear. 


Condensation Reactions with Tetrose and Triose Phosphate 


Several new condensations have been observed, including the reaction 
of dihydroxyacetone phosphate with p-erythrose and of L-erythrulose with 
glyceraldehyde-3-phosphate. While heptulose phosphate is formed in 
these reactions, evidence is available which indicates that these tetroses 
are not intermediates in the formation of the 7-carbon sugar from pentose 
phosphate. 

p-Erythrose and Dihydroxyacetone Phosphate—Aldolase has been shown 
to catalyze the condensation of dihydroxyacetone phosphate with a num- 
ber of aldehydes. On the basis of its known specificity (37), it would be 
expected that dihydroxyacetone phosphate and p-erythrose would react 
to form sedoheptulose-1-phosphate. This reaction was demonstrated with 
47 um of fructose diphosphate as a source of dihydroxyacetone phosphate, 
100 um of p-erythrose, and:20 mg. of aldolase (five times recrystallized) in 
10 ml. of 0.01 m glycylglycine buffer, pH 7.4, containing 0.006 m cysteine. 
After incubation at room temperature for 24 hours the mixture was chro- 
matographed on a Dowex 1 (formate) column, 14.5 cm. X 0.8 cm., as 
previously described. The fractions containing heptulose were adjusted 
to pH 6.2 with saturated barium hydroxide solution and precipitated with 
4 volumes of ethanol. The precipitate was dried and dissolved in 0.01 
n HCl, and barium was removed with a slight excess of potassium sulfate. 
22 um of heptulose phosphate were recovered. The acid lability of this 
ester is shown in Fig. 6. Although it was semewhat more stable than 
fructose-1-phosphate under comparable conditions (20), the rate of hy- 
drolysis was consistent with esterification in the 1 position. The ester 
formed from pentose phosphate with transketolase was much more stable 
to acid hydrolysis and was presumably esterified in the 7 position (Fig. 6). 
Since this is the form which accumulated in the transketolase reaction, the 
labile ester, if it were an intermediate in the formation of sedoheptulose 
phosphate from pentose phosphate, should be converted to the stable form 
by the liver preparation. The aldolase reaction product (assumed to be 
sedoheptulose-1-phosphate) was incubated with purified liver transketo- 
lase under conditions identical with those employed for the formation of 


the stable ester from pentose phosphate. No decrease in acid lability was 
detected. 
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L-Erythrulose and Glyceraldehyde-3-phosphate—In the presence of puri- 
fied spinach transketolase both pentose phosphate and heptulose phosphate 
were formed from t-erythrulose and pi-glyceraldehyde-3-phosphate (Table 
VIII). The presence of both of these substances was confirmed by an 
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Fia. 6. Acid lability of heptulose phosphate esters. Inorganic phosphate was 
determined after heating at 100° in 1.0 n sulfuric acid for the time indicated. O 
represents heptulose phosphate formed from hexose diphosphate and p-erythrose 
with muscle aldolase; @, the ester formed from pentose phosphate with the crude 
liver enzyme; @, the product with purified liver transketolase and aldolase. 


Taste VIII 
Condensation of u-Erythrulose with pu-Glyceraldehyde-3-phosphate 

Incubation was for 3 hours at 25° in 0.73 ml. of 0.01 m glycylglycine buffer con- 
taining 0.01 m cysteine. The pH was adjusted to 7.5 before the addition of 0.3 
unit of purified spinach transketolase. p-Glyceraldehyde-3-phosphate was analyzed 
with the glycerophosphate dehydrogenase-DPNH assay system and thus includes 
any dihydroxyacetone phosphate or fructose diphosphate which might have been 
formed from p-glyceraldehyde-3-phosphate. 








Substance | Initial | Final Change 
uM | uM pM 
ee RET nS ee ae eee 4.7 
p-Glyceraldehyde-3-phosphate.............. 2.4 1.2 1.2 
L-Glyceraldehyde-3-phosphate.............. | 2.4 | (0.9)* 
Pentose phosphate ........................ 0 1.3 1.3 
Sedoheptulose phosphate................... 0 0.8 .. * 0.8 





* Calculated on the assumption that 1 mole of triose phosphate is required for 
each mole of pentose phosphate or sedoheptulose phosphate formed. 


examination of the absorption spectrum obtained in the orcinol reaction, 
which accurately represented that of a mixture of pentose and heptulose. 
Since the total quantity of pentose phosphate plus heptulose phosphate 
formed (1.3 + 0.8 um) was in substantial excess of the amount of p-glycer- 
aldehyde-3-phosphate utilized (1.2 um), L-glyceraldehyde-3-phosphate must 
also have reacted. The difference (0.9 um) was taken to represent the 
amount of L isomer consumed. 
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Condensation reactions have also been observed with p-glyceraldehyde 
as the aldehyde acceptor and with hydroxypyruvate as a source of “active 


TaBLe IX 
Pentose Formation from Glyceraldehyde and Hydroxypyruvate 
The substrates were incubated for 4 hours at 25° with 0.15 unit of spinach trans- 
ketolase (Q = 39.5 units per mg.) in 0.01 m glycylglycine buffer, pH 7.4, in a total 


volume of 0.32 ml. Ketopentose was determined with the cysteine-carbazole reac- 
tion (38). 

















Additions 
Experiment No. : siete rpeeeaipeneeenieneeecoanenueiar EE, Se 
p-Glyceraldehyde | t-Erythrulose Hydroxypyruvate 
uM pM uM wt i 
1 3.5 | 7.1 | 0 2.0 
2 3.5 3.5 0 1.7 
3 3.5 1.75 0 1.2 
4 3.5 0 3.5 0.9 
TABLE X 


Sedoheptulose Phosphate Formation with Ribose-5-phosphate-1-C™ 

The substrates were incubated with 6.0 units of purified spinach transketolase 
in 31.5 ml. of 0.015 m glycylglycine buffer, pH 7.5. In Experiment 1, 98 um of ribose- 
5-phosphate-1-C and 198 um of L-erythrulose were present. In Experiment 2 no 
erythrulose was added. After 30 minutes at room temperature the solutions were 
chromatographed on Dowex 1 (formate) columns, 1 cm. X 16 cm., as described in 
the text. Erythrulose was determined in the effluent (Fractions 1 and 2) by the 
Nelson-Somogyi reducing procedure (40, 41) and the specific activity calculated 
from the reducing value. Sedoheptulose phosphate was precipitated as the barium 
salt from Fractions 35 to 41 (total volume, 37 ml.) in Experiment 1 and Fractions 36 
to 44 (total volume, 44 ml.) in Experiment 2. Pentose phosphate was recovered 
as the barium salt from Fractions 49 to 57 (64 ml.) in Experiment 1 and Fractions 
51 to 59 (67 ml.) in Experiment 2. The precipitates were dried, dissolved in 1.0 
ml. of 0.02 m acetic acid, analyzed for sedoheptulose and pentose by the orcinol 
method, and counted. 














Experiment 1 Experiment 2 
“Initial — | Final oe Initial Final 
garg | C.p.m. perum | C.p.m. perum | c.p.m. per pm | C.p.m. per pM 
Pentose phosphate............. 2300 1640 2300 1930 
Sedoheptulose phosphate... ... | 4100 3700 
MONIES orig cco oa pens 0 20 | ¥ 


| 
\ 1 


* No reducing substance was present in the effluent in this experiment. 





glycolaldehyde” (Table IX). With p-glyceraldehyde, however, no heptu- 
lose could be detected. The pentose formed appeared to be ribulose on 
the basis of its behavior in paper chromatography and its reactivity in the 
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cysteine-carbazole reaction (39). Erythrulose, which was more reactive 
than hydroxypyruvate in this system, in no case furnished more than one 
2-carbon unit for pentose synthesis. A similar reaction between dihy- 
droxymaleic acid and triose phosphate has been described by Akabori, 
Uehara, and Muramatsu (38). 

The formation of heptulose phosphate from erythrulose and triose phos- 
phate is an indication that these substances might act as intermediates in 
the conversion of pentose phosphate to heptulose phosphate. However, 
experiments carried out to test this possibility indicated that L-erythrulose 
was not an intermediate in this reaction. With the ThPP-free spinach 
enzyme, in the absence of added ThPP, neither pentose phosphate nor 
heptulose phosphate was formed. On addition of the coenzyme both prod- 
ucts appeared in the same proportion as with the unresolved enzyme (13), 
A direct aldo] condensation between erythrulose and glyceraldehyde-3- 
phosphate would not be expected to involve ThPP; thus the heptulose 
phosphate which is formed must arise by way of pentose phosphate. 

Further evidence against the participitation of free erythrulose was ob- 
tained with ribose-5-phosphate-1-C“. This was converted to sedoheptu- 
lose phosphate in the presence of an excess of unlabeled erythrulose (Table 
X). Very little dilution of the heptulose was observed and the erythrulose 
recovered at the end of the reaction contained only a trace of radioactivity. 
From this result it is apparent that free erythrulose could not have been 
formed in the reaction, although the existence of an active form of eryth- 
rulose, perhaps bound to ThPP or as an enzyme complex, cannot be ex- 


cluded. 


DISCUSSION 


Sedoheptulose phosphate has been identified as a product of pentose 
phosphate metabolism with transketolase preparations from rat liver and 
from spinach. While the position of the phosphate group has not been 
established, measurements of its lability in acid solution suggest that it is 
esterified in the 7 position. 

The ThPP requirement for pentose phosphate cleavage and sedoheptu- 
lose phosphate synthesis is consistent with previous evidence (42) that 
glycolaldehyde is not formed in the cleavage of pentose phosphate, in spite 
of the fact that the other product has been identified as triose phosphate 
(43, 44). Glycolaldehyde may occur as a bound form, referred to as “‘ac- 
tive glycolaldehyde” (14). The formation of sedoheptulose phosphate is 
an indication that such an “active glycolaldehyde” molecule will partici- 
pate in further condensation reactions, in addition to the condensation 
with triose phosphate to regenerate pentose phosphate. 
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The effect of aldolase on the formation of sedoheptulose phosphate with 
the purified liver enzyme preparation suggests a condensation between 
dihydroxyacetone phosphate and p-erythrose, and indeed the formation of 
sedoheptulose-1-phosphate from these substances in the presence of crystal- 
line aldolase has been demonstrated. Hough and Jones (45) have identi- 
fied sedoheptulose as the product formed from these substrates with a pea 
aldolase preparation. However, the absence of aldolase in the purified 
spinach enzyme preparation, together with the inactivity of sedoheptulose- 
1-phosphate in the liver system, makes it unlikely that this ester is an 
intermediate in sedoheptulose-7-phosphate formation. The effect of aldo- 
lase is apparently to displace the equilibrium in the direction of heptulose 
phosphate synthesis from pentose phosphate. Evidence has been pre- 
sented for the reversibility of this reaction. However, the results described 
in Fig. 3 do not represent the true transketolase equilibrium, since the 
presence of other enzymes, such as pentose phosphate isomerase, will affect 
the ratio of pentose phosphate to heptulose phosphate. The results with 
the purified liver preparation (Fig. 5) suggest that the reaction favors the 
formation of pentose phosphate. 

Heptulose phosphate is formed from t-erythrulose and glyceraldehyde- 
3-phosphate in the presence of the purified spinach enzyme preparation. 
However, the isotope experiment furnishes rather conclusive evidence that 
these substances are not intermediates in heptulose phosphate formation 
from pentose phosphate, since L-erythrulose added as a carrier does not 
become labeled when ribose-5-phosphate-1-C™ is the substrate, nor does 
it significantly dilute the isotope which appears in the sedoheptulose. The 
ThPP requirement for the formation of sedoheptulose phosphate from 
erythrulose and triose phosphate (13) is also taken as evidence against a 
direct aldol condensation of these substances. It is likely that in this case 
heptulose phosphate is formed by way of pentose phosphate. 

The formation of sedoheptulose phosphate by 2-5 condensation remains 
to be considered. This would involve the accompanying reactions. 


H.COH 
C=O H.COH HC=0O 
HCOH + ThPP-enzyme > ae + ME 
HCOH ThPP-ensyme H.COPO;" 
H.COPO;" 
Ribulose-5-phosphate “Active Glyceraldehyde- 


glycolaldehyde” 3-phosphate 
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H.COH 
HCO C=O 
H.COH HCOH HOCH 
HCO + HCOH = HCOH + ThPP-enzyme 
pe HCOH HCOH 
H.COPO; HCOH 
oe Ma a” 
“Active Ribose-5- Sedoheptulose- 
glycolaldehyde” phosphate 7-phosphate 


The “activated glycolaldehyde’’ complex can be formed either from ribu- 
lose-5-phosphate or sedoheptulose-7-phosphate or from other precursors 
such as L-erythrulose or hydroxypyruvate. This scheme is consistent with 
the observation of Racker, de la Haba, and Leder (14) that with crystalline 
yeast transketolase no triose phosphate is formed from ribulose-5-phosphate 
unless ribose-5-phosphate or another aldehyde acceptor is present. Since 
our liver and spinach preparations contain pentose phosphate isomerase, 
no addition other than ribulose-5-phosphate is required. An explanation 
must be provided for the fact that the same enzyme which splits a sugar 
having the ribulose configuration will form the xylulose configuration found 
in sedoheptulose phosphate. This result may be due to a limited speci- 
ficity on the part of transketolase, which may react with either configura- 
tion and thus give rise to the particular one which is thermodynamically 
more stable. Evidence that ‘active glycolaldehyde”’ can be formed from 
L-erythrulose has been presented, and xylose-5-phosphate and p-allohep- 
tulose-7-phosphate might be found to react as well as their 3 epimers. 
Studies now in progress with C-labeled pentose phosphate are intended 
to provide further information on the mechanism of sedoheptulose phos- 
phate synthesis. 

The transketolase-catalyzed equilibrium between ribulose phosphate and 
sedoheptulose phosphate is of interest in view of the evidence obtained by 
Calvin and his coworkers (46) that these substances appear in the early 
stages of COs fixation in photosynthesis. Their results indicate the for- 
mation of a C2 fragment which serves as a precursor of phosphoglyceric 
acid. “Active glycolaldehyde,” which can be formed from either ribulose 
phosphate or sedoheptulose phosphate, may be identical with this C- frag- 
ment. 
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The authors are indebted to Dr. Nelson K. Richtmyer for helpful sug- 
gestions and assistance in the identification of sedoheptulose, and to Mr. 
William C. White for the x-ray diffraction patterns. 


SUMMARY 


Procedures for the purification of transketolase from rat liver and from 
spinach are described. The activity of the enzyme was followed by meas- 
urement of triose phosphate formation from ribulose-5-phosphate. The 
reaction products are triose phosphate and an ester of sedoheptulose, which 
is presumably sedoheptulose-7-phosphate. The heptulose has been identi- 
fied by the preparation of sedoheptulosan tetrabenzoate. 

Evidence for the reversibility of the transketolase reaction has been ob- 
tained. In the presence of the purified spinach preparation pentose phos- 
phate is formed from sedoheptulose-7-phosphate and glyceraldehyde-3- 
phosphate. The reaction appears to favor the synthesis of pentose phos- 
phate. 

Thiamine pyrophosphate is the coenzyme of transketolase. The spinach 
enzyme and the rat liver enzyme, after acid precipitation, show an absolute 
requirement for this substance. In the former case Mg** is also necessary 
for full reactivation. 

Condensation reactions have also been observed with L-erythrulose and 
glyceraldehyde-3-phosphate, catalyzed by spinach transketolase, and with 
dihydroxyacetone phosphate and p-erythrose, catalyzed by crystalline aldo- 
lase. In the first case the products are pentose phosphate and heptulose 
phosphate; in the second case the product is an acid-labile ester, which is 
presumably sedoheptulose-1-phosphate. These reactions do not appear 
to participate in sedoheptulose-7-phosphate formation from pentose phos- 
phate. , 

Several mechanisms for the transketolase reaction are considered. All 
of these involve the cleavage of ketol linkages and the formation of a 2- 
carbon intermediate which is designated as “active glycolaldehyde.” 
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METABOLISM OF ESSENTIAL FATTY ACIDS 
INCORPORATION OF ACETATE INTO ARACHIDONIC ACID* 


By JAMES F. MEAD, GUNTHER STEINBERG, anp DAVID R. HOWTON 


(From the Department of Physiological Chemistry, University of California School of 
Medicine, Los Angeles, California) 


(Received for publication, May 26, 1953) 


It has been observed repeatedly (1-5) that the feeding of esters of linoleic 
acid to animals results in an increase in the arachidonic acid content of 
their tissues. Proof is lacking, however, that these observations demon- 
strate the direct conversion of the diene to the tetraene acid; in fact, 
obscurity typifies present knowledge of the metabolism of linoleic acid and 
the mechanism of action of the essential fatty acids. 

A recent total synthesis (6) and a method of decarboxylation and recon- 
stitution (7) of linoleic acid developed in these laboratories have made 
possible the tracing of this compound and the products of its metabolism 
in the animal body. A necessary preliminary project concerned the incor- 
poration of labeled acetate into the polyunsaturated acids. This informa- 
tion was essential for several reasons: first, it was important to show again 
(8-10) that, under the conditions of the experiment, linoleic acid itself is 
not synthesized in the animal body; second, it was of interest to test the 
obvious hypothesis that arachidonic acid is derived from a Cs acid by the 
addition of a 2-carbon fragment; and finally, it was desirable to have 
available data on the amount of incorporation to be expected in later 
experiments in which labeled linoleic acid may be partially oxidized to 
2-carbon fragments. 


EXPERIMENTAL 


Treatment of Animals—Seventeen weanling rats were given three daily 
0.5 ml. intraperitoneal injections each of a solution containing 0.5 mm of 
sodium 1-C"-acetate per ml., with an activity of 100 uc. per mm. On the 
4th day the animals were sacrificed, and the livers, kidneys, hearts, and 
abdominal fat deposits were pooled and immediately frozen. 

Isolation of Fatty Acid Fractions—The pooled organs were lyophilized, 
and the dry residue (16.5 gm.) extracted in a Waring blendor with four 
150 ml. portions of absolute ethanol. The residue from the alcohol ex- 
traction was extracted with ether for 6 hours in a Soxhlet apparatus. The 


*This paper is based on work performed under contract No. AT-04-1-gen-12 
between the Atomic Energy Commission and the University of California at Los 
Angeles. 
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combined solutions were concentrated to dryness at reduced pressure and 
dried in vacuo. The residue was made up to 200.0 ml. with petroleum 
ether (boiling range 60-70°) and duplicate aliquots were evaporated for 
counting.! 

The dried residue remaining after evaporation of the bulk of the petro- 
leum ether solution (3.56 gm.) was saponified with 30 ml. of 4 per cent 
ethanolic KOH by refluxing for 15 minutes and letting the mixture stand 
overnight at room temperature. The non-saponifiable fraction (0.31 gm.) 
was isolated for counting. The fatty acid fraction (2.04 gm.) was also 
counted. 

The fatty acids were separated into a saturated and an unsaturated 
fraction by lead salt fractionation (12); carrier stearic acid was used to 
“‘wash out” the active saturated acids from the unsaturated fraction. Ap- 
proximately 0.9 gm. of saturated fatty acids (including 90.2 mg. of added 
carrier) with an activity of 36.61 counts per second per mg. (corrected for 
carrier) and 1.14 gm. of unsaturated acids with an activity of 11.87 counts 
were obtained (see Table I). 

Bromination of Unsaturated Fatty Acids—The total unsaturated fatty 
acid fraction was brominated at 0° in ethyl] ether solution (13). After 
removal of the insoluble polybromides by centrifugation, the soluble bro- 
mides were freed of solvent and the residue was treated with petroleum 
ether (boiling range 60—70°) to dissolve the dibromide fraction, the crude 
tetrabromide fraction remaining undissolved. Following preliminary puri- 
fication, 38.8 mg. of the tetrabromide fraction (m.p. 106—122°) were diluted 
with 40.9 mg. of inactive tetrabromostearic acid (m.p. 114.7-115.1°), and 
the mixture was recrystallized eight times from ethylene chloride, each 
crystallization being followed by a wash with 0.5 ml. of solvent at — 10°. 
The activity of the fraction was assayed after each of the last four crystal- 
lizations and had decreased almost to zero after the eighth, as shown in 
Table I. The final crystallization gave 8.1 mg. of tetrabromostearic acid, 
m.p. 113-113.5°, with a specific activity of 0.085 counts. 

The ether-insoluble polybromides weighed 0.516 gm. and had a specific 
activity of 3.36 counts. After washing with warm benzene to remove 
lower bromides, the residual insoluble material, usually termed “arachi- 
donic octabromide,” had an activity of 2.91 counts. Treatment of this 
material with hot tetrachloroethane resulted in soluble and insoluble frac- 
tions, both of which had activities of 2.3 counts. (The benzene-soluble 


1 Counting was performed with a Nuclear Instrument and Chemical Corporation 
flow counter or a thin end window counter. Samples were prepared according to 
standard procedures. Fatty acids were plated directly on 1 inch aluminum planchets 
with or without lens paper (11). BaCO; was plated on copper disks (3.9973 sq. cm.). 
All counts were corrected for self-absorption by curves determined for either BaCO; 
or fatty acids. 
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fraction (50.6 mg.) had an activity of 3.29 counts and may be related to 

the active contaminant of the tetrabromostearic acid fraction.) 
Debromination and Reduction of “‘Octabromide’’ Fraction—The benzene- 

insoluble polybromide fraction (234 mg.) was subjected to debromination 











TABLE I 
Isotope Concentration in Various Fractions 
Specific activity 
Fraction 
Counts per sec. Counts per sec. 
per mg. per mg. 
MORAN MI aed la ahora 254 8 20.32 
TCI: a5 Sen diseviedsis vac siltends duel 17.97 

Non-saponifiables....................0ccceeecees 29.29 
Saturated fatty acids........................... 36.61* 
Unsaturated fatty acids........................ 11.87 
Tetrabromostearic acid (crude)................. 3.59 

ws $6 hp ORISEOR .0i deeds. 1.69f 

* ‘* 5th crystallization......| 0.328 

. “ ¢th 5 wee} 0.204 

4 “= yo yh Ser 0.126 

“ * 8th - ....---| 0.085 
Ether-insoluble polybromides................... 3.36 
Benzene-insoluble polybromides................. 2.91 
Benzene-soluble polybromides.................. 3.29 
Tetrachloroethane-insoluble polybromides....... 2.28 
Tetrachloroethane-soluble Pad oe eks.s ects 2.33 
“Arachidic acid” (from debromination)......... 7.11 

sia “ 6th crystallization............ 11.73 (0.787)t 
, POSURE: ME i vic dG odlele dashes. 5 .| 6.12 (0.411)tt 
Arachidic acid from chromatogram......... ..| 4.82 (0.291)f | 6.27 (0.379)t 
ry a Oe eee ey a ee 2.40 (0.144)ft} 3.12 (0.187)tt 

BaCO;, carboxyl carbon of arachidic acid....... (0.201)t (3.53)t 
Nonadecylamine (crude)........................ (0.013)f (0.016)t 











* Corrected for carrier added during the lead salt fractionation. 

t Value calculated from the activity of the original sample and the weights of 
sample and added carrier. 

t The values enclosed in parentheses were obtained with a thin (1.9 mg. per cm.) 
end window tube (see foot-note 5). 


with zine dust (14) in n-propyl alcohol suspension at 100° for 11 hours 
with intermittent addition of 0.1 to 0.2 ml. portions of 12 n HCl. The 
reaction products were isolated by evaporation of the solvent and were 
hydrogenated in the presence of 4 per cent palladium on barium sulfate in 
methanol solution at atmospheric pressure to saturate the olefinic groups 
and cause hydrogenolysis of any remaining carbon-bromine bonds. The 
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products of the hydrogenation were freed of catalyst and saponified with 
alcoholic potassium hydroxide by standing overnight at room temperature 
under nitrogen, followed by refluxing for 5 hours. The acid was regen- 
erated and rehydrogenated in methanol solution over palladium on barium 
sulfate. From the methanol solution there were obtained by evaporation 
72.5 mg. of saturated, bromine-free acids with an activity of 7.11 counts, 
melting at 58.5-66.5° (arachidic acid is reported to solidify at 74.35° (15)). 
Repeated recrystallization raised the melting point to a maximum of 68.5- 
69.2°; this melting point and x-ray diffraction data? indicated that the 
material was probably a mixture of arachidic and behenic acids. Attempts 
to resolve this mixture by recrystallization were unsuccessful. 

Chromatographic Purification of Arachidic Acid—A modification’ of the 
method of Boldingh (16), in which partition chromatography on a rubber 
column is employed, was used to separate the arachidic acid from higher 
homologues. Mealorub vulcanized rubber powder (purchased from the 
Andresen Corporation, Chicago) was extracted with acetone in a Soxhlet 
apparatus for 24 hours. The rubber was ground in a mortar, and the 
portion passing through a 20 mesh sieve was stored under methanol. The 
apparatus consisted of a 750 ml. jacketed, temperature-controlled separa- 
tory funnel reservoir connected to a 55 cm. jacketed, temperature-con- 
trolled column of 18 mm. inner diameter. An adjustable flow stop-cock 
led into a fraction cutter similar in design to those commonly used in 
vacuum distillation, which was flushed continuously with nitrogen and led, 
via an adapter, into the open portion of a titration device similar to that 
described by Howard and Martin (17). a-Naphtholphthalein was used 
as the indicator. 

To constitute a column, the rubber powder (18 gm.) was washed thor- 
oughly with acetone and swelled by adding 105 ml. of water in seven 
portions, with shaking, to the rubber suspended in a mixture of 215 ml. of 
acetone and 30.7 ml. of Skellysolve E (boiling range 100-140°). The rub- 
ber swelled to about 3 to 4 times its original volume and filled the column 
to a height of 360 mm. when packed by the force of maximal flow rate. 
It was finally washed with Solvent Mixture A-78.4 


2 Schuette and Vogel (15) give the following data: moles per cent of Co, 81.96, 
84.47; Coo, 18.04, 15.35; solidification point, 68.65°, 69.40°. Mr. G. V. Alexander of 
the Spectroscopy Section of this Project compared the x-ray diffraction pattern of 
this acid with that of authentic arachidic acid, for which the long spacings (c sin 8) 
were 44.15 A and 48.86 A, respectively, for thea and forms. The active acid hada 
long spacing of 49.28 A, which is compatible with that expected for a mixture of 81 
per cent arachidic acid (C29) and 19 per cent behenic acid (C22). 

3 The authors are grateful to Dr. J. Boldingh for making available unpublished 
modifications of his original procedure, which proved more effective in application 
to the higher fatty acids. 

4 Solvents thus indicated were composed of water-acetone mixtures containing the 








inac' 
plac 
Solv 
the : 
redis 


drop 
follo 


F 
The 
inter 


the 
tent 


acid 
wit 
crys 
acid 
volu 


Solv 
tract 


of di 
ratic 
the | 
were 
as ir 








he 
er 
1er 


let 
the 
‘he 
ra- 
on- 
ek 


’ 
hat 


or- 
ven 
. of 
ub- 


ite. 


r of 
n of 
n B) 
ad a 
f 81 


hed 
tion 


the 








MEAD, STEINBERG, AND HOWTON 687 





The active fatty acid mixture (32.7 mg.) was diluted with 30.1 mg. of 
inactive arachidic acid and dissolved in 3 ml. of 4:1 acetone-Skellysolve E, 
placed on the column, and allowed to move into the rubber. 10 ml. of 
Solvent Mixture A-78, the initial developing solvent, were used to move 
the sample farther into the column. Any acid which had precipitated was 
redissolved by local warming with a heat lamp. After equilibration over- 
night, the solvent mixture was allowed to flow through the column at 1 
drop per second at 25.0° + 0.5°. Development of the chromatogram was 
followed by titrating successive 10 ml. portions with 0.01 n NaOH, and 

















0. a | T | | | i ] | 1% hw 4 
a ] 
00.40. 7 
o 
z 
=0.30 | 4 
~ | | 
5 Th 
00.20 fh, } | | 
° | ily 
j 3 4 ' § 
=0.10|- y 

A-78 A-82 A100 
0 l | = | | ! | | i] if 
400 600 800 1000 1200 1400 
ML. ELUATE 


Fig. 1. Chromatographic separation of arachidic and behenic acids on rubber. 
The fractions are numbered and demarcated by dash lines. The chromatogram was 
interrupted overnight at the following eluate volumes: 490 ml., 920 ml., 1240 ml. 


the eluate was divided into five main fractions according to the acid con- 
tent maxima thus determined (see Fig. 1). 

Fraction 2, containing the bulk of the arachidic acid, was concentrated, 
acidified, and extracted with benzene. The benzene solution was washed 
with water and evaporated to dryness at reduced pressure. After three 
crystallizations from acetonitrile, the residue yielded 18.6 mg. of arachidic 
acid, m.p. 73.0-73.8° and specific activity 0.291 counts.® 





volume per cent acetone indicated by the number and saturated with Skellysolve E; 
Solvent Mixture A-100 (pure acetone) was not saturated with Skellysolve; it ex- 
tracts the hydrocarbon solvent from the rubber and collapses the column. 

5 Possibly because of vapor pressure, counting rates obtained from a given sample 
of directly plated lipide material in flow and end window counters are not in the same 
ratio as is observed with plated barium carbonate (12 for our counters). Therefore 
the important measurements of the final degradation products of arachidonic acid 
were made on both counters, the end window data being used in the final comparison 
as in this case. 
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Decarboxylation of Arachidic Acid—The Schmidt degradation (18, 19) 
was used in preference to the more commonly used Borodin degradation, 
since in our hands the former reaction proved simpler and gave consistently 
better yields. 

The active arachidic acid (diluted with inactive material to a total of 
37.0 mg. or 0.118 mm) was dissolved with warming in 0.6 ml. of 100 per 
cent H2SO, (3 parts of concentrated H2SO, to 1 part of 20 per cent fuming 
H,.S0,) in the reaction flask, and, after cooling to 0°, 14.7 mg. (0.226 mm) 
of sodium azide were added. The reaction vessel was connected to the 
system (which had been flushed with nitrogen), 10 ml. of CO:-free 1.2 n 
NaOH were placed in the second trap (19), and the reaction flask was 
warmed slowly with a heat lamp while being stirred with a magnetic stirrer, 
reaching 65° in 30 minutes. The system was maintained at 65° for another 
30 minutes, whereupon it was swept with nitrogen at 130 ml. per minute 
for 20 minutes. The carbon dioxide absorbed in the alkali trap was pre- 
cipitated as BaCO; (18 mg.), which was found to have an activity of 3.53 
counts per second per mg. of carbon (corrected for a 2.2 mg. blank). Bar- 
ium carbonate having an activity of 3.78 counts per second per mg. of 
carbon would be expected on the basis of all the activity of the arachidic 
acid sample being located in its carboxyl group. The alkyl residue of 
arachidic acid was isolated in crude form from the reaction mixture as 
nonadecylamine and was found to have an activity of 0.016 counts per 
second per mg. of carbon. 


DISCUSSION 


From the data presented above, it appears that no significant synthesis 
of linoleic acid occurs in weanling rats under the conditions employed in 
this experiment. This confirms the work of Bernhard and Schoenheimer 
(8) with deuterium. 

Arachidonic acid is evidently formed from an exogenous Cis precursor 
(presumably derived from linoleic acid) by the addition of a Cz fragment 
derived from acetate. In the present instance, in which carboxy]-labeled 
acetate was injected, the label appeared almost exclusively in the carboxyl 
group of the arachidonic acid. In future studies, the nature and derivation 
of the Cig portion of the molecule will be considered. 

One further point of interest remains to be considered. It is apparent 
from our results that the so called ‘“octabromide” fraction derived by 
treatment of the ether-insoluble polybromides with hot benzene is certainly 
not pure arachidonic acid octabromide and that a significant amount of at 
least one Cz2 polyunsaturated acid derivative is present in the fraction. 
The nature of this acid will be the subject of future investigation in this 
laboratory. 
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SUMMARY 


By the use of carboxyl-labeled acetate, it has been shown that acetic 


acid is not incorporated into the linoleic acid of the lipides of weanling rats 


to 


an appreciable extent. Arachidonic acid, on the other hand, is derived 


from acetate and (presumably) an exogenous Cig precursor. 
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THE MECHANISM OF KYNURENINASE ACTION* 


By IRVING L. MILLER anp EDWARD A. ADELBERG 
(From the Department of Bacteriology, University of California, Berkeley, California) 


(Received for publication, June 22, 1953) 


The products of the enzymatic breakdown of t-kynurenine (I) are known 
to include anthranilic acid (III) and kynurenic acid (IV). The enzyme 
catalyzing the hydrolysis of kynurenine to anthranilic acid and alanine 
has been named kynureninase; it employs pyridoxal phosphate as coenzyme 
(1). 

In 1951, Dalgliesh, Knox, and Neuberger reported that a purified kynu- 
reninase preparation from liver invariably formed some kynurenic acid in 
addition to the anthranilic acid and alanine; the addition of an excess of 
pyruvic acid to the preparations increased the amount of kynurenic acid 
ormed (2, 3). To account for these observations, they postulated the 
ollowing reactions as functions of the single enzyme kynureninase. 


OH 
(IZ) CK deoo 


| -40 
i -COOH Ron -C:COOH (m1) 
C-CH,CH-C . Cr 2 % 9 
NH, NH, NH, © %o OH 
(I) (IZ) 
NY NH, 
Vi + 
—— 
‘4. PYRIDOXAL- PHOSPHATE o 
(ntis)--~ 
-~~" CHyCH-COOH 
PYRIDOXAMINE - PHOSPHATE NHe 


According to this scheme, o-aminobenzoylpyruvic acid (II) is an inter- 
mediate in the series of kynureninase reactions; on hydrolysis it yields 
anthranilic acid and pyruvic acid, the latter then being transaminated to 
form alanine and regenerated pyridoxal phosphate. II can also cyclize 
spontaneously to form kynurenic acid (IV). 

Other workers, however, have found that kynurenic acid is a product 
of kynurenine transaminase, which catalyzes a reaction between kynurenine 
and either a-ketoglutaric acid or pyruvic acid to yield kynurenic acid and 


* The experiments reported in this paper were supported by a contract between 
the Regents of the University of California and the Office of Naval Research. 
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either glutamic acid or alanine. Wiss (4) obtained the transaminase free 
of kynureninase from mammalian tissue, while Miller et al. (5) found that 
extracts of tryptophan-grown Pseudomonas fluorescens strain Tr-7 con- 
tained 8 times as much transaminase activity as kynureninase activity, 
Conversely, Hayaishi and Stanier (6) observed no kynurenic acid forma- 
tion by their bacterial kynureninase preparations, and Miller et al. found 
that aging their Pseudomonas extracts inactivated the transaminase with- 
out affecting the kynureninase activity. 

These observations tend to support the proposal of Hayaishi and Stanier 
(6) that anthranilic acid and alanine are the only products of kynureninase 
action, and the view that kynurenic acid is the product of transaminase 
activity. 

(m) 9 
Ore OH + CHsCH-COOH 
4 NHe 


OH 
(1), a He 


a (IZ) we (IZ) 
Sat: CH: ¢ COOH ey r 


eo 
+ 
GLUTAMIC ACID 


The scheme of Dalgliesh et al. does not rule out the possibility of a sep- 
arate pathway of kynurenic acid formation; hence their scheme is not in- 
validated by demonstration of the existence of a transaminase. The two 
schemes differ, however, in the proposed mechanism of kynureninase ac- 
tion: the scheme of Dalgliesh et al. states that pyruvic acid is an inter- 
mediate and that kynurenic acid can be a product. In the following 
sections experiments are described which directly test these conclusions: 
the réle of pyruvic acid was investigated by allowing kynureninase to act 
on kynurenine in the presence of pyruvic acid-2-C™, and bacterial kynureni- 
nase preparations were tested for ability to form kynurenic acid. The 
results are in agreement with the views of Hayaishi and Stanier, and clearly 
rule out a transamination function for kynureninase. 


Materials and Methods 


Preparation of Enzyme—P. fluorescens strain Tr-23 was grown on tryp 
tophan medium and a cell-free extract prepared, according to method of 
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Hayaishi and Stanier (7). All fractionation procedures were carried out 
at 4°, as follows: To 50 ml. of the extract were added 7.5 gm. of solid 
ammonium sulfate, and the resulting precipitate was discarded. The 
supernatant fluid was treated again with 22.5 gm. of solid ammonium sul- 
fate, and the precipitate collected in the high speed centrifuge. This pre- 
cipitate was redissolved in 50 ml. of 0.002 m phosphate buffer, pH 6.9, and 
the resulting clear, amber-colored solution treated with 5.0 ml. of 2 per 
cent protamine sulfate, pH 5.0. The precipitate was discarded, and the 
supernatant fluid brought to 25 per cent saturation with a saturated solu- 
tion of ammonium sulfate (SAS). The precipitate was discarded and the 
supernatant fluid brought to 55 per cent saturation with SAS. The re- 
sulting precipitate was collected and redissolved in 38 ml. of 0.01 m phos- 
phate buffer, pH 7.0. This solution was brought to 35 per cent satura- 
tion with SAS and the precipitate discarded. The supernatant fluid was 
brought to 45 per cent saturation with SAS; the resulting precipitate was 
collected and redissolved in 20 ml. of 0.01 m phosphate buffer, pH 7.0. 
This solution was then dialyzed overnight against distilled water and 
brought to 38 per cent saturation with SAS, and the precipitate discarded. 
The precipitate formed by bringing the supernatant fluid to 43 per cent 
saturation with SAS was collected and redissolved in 25 ml. of 0.01 m phos- 
phate buffer, pH 7.0. The final solution represented a 6-fold increase in 
purity, with a recovery of 33 per cent of the kynureninase activity of the 
original cell-free extract. 

Assay for Kynureninase—The activity of each fraction prepared during 
enzyme purification was determined by incubating it with L-kynurenine 
under standardized conditions and measuring the change in optical density 
at 360 my in the Beckman model DU spectrophotometer between 0 and 
2 minutes. The relative protein content was determined by the method 
of Biicher (8). 

Chromatography—The production of alanine and anthranilic acid from 
kynurenine was demonstrated by chromatographing the reaction mixtures 
on Whatman No. | filter paper, with 80 per cent water-saturated phenol 
as the solvent. The sheets were dried at 37° overnight. Alanine was 
located by spraying with ninhydrin solution; the fluorescent anthranilic 
acid spot was observed with the aid of a model V-41 Mineralight ultra- 
violet lamp. Radioautographs were prepared by exposing x-ray film to 
chromatograms for a period of 14 days. 

The production of kynurenic acid was demonstrated by chromatograph- 
ing reaction mixtures on Whatman No. 1 filter paper, by use of the follow- 
ing systems in different trials: (a) methanol-n-butanol-benzene-water (2:1: 
1:1) (9) and (b) n-butanol-acetic acid-water (4:1:3). The kynurenic acid 
spot does not fluoresce at first, but acquires a blue-green fluorescence on 
standing, the intensity increasing with time. 
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Reagents—.-Kynurenine sulfate was the gift of Dr. R. E. Kallio; py- 
ruvic acid was a product of the Nutritional Biochemicals Corporation. 
The sodium pyruvate-2-C™ was the gift of Dr. Gerard Milhaud; 1 um 
contained about 288 X 10% ¢.p.m. Kynurenic acid was the gift of Dr. I, 
C. Gunsalus. 
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if 


Fic. 1. Non-radioactivity of alanine formed from kynurenine in the presence of 
sodium pyruvate-2-C". Chromatogram 1, known alanine; Chromatogram 2, alanine 
formed from kynurenine; Chromatogram 3, radioautograph of Chromatogram 2. 
Chromatogram 2 represents 0.3 ml. of the following reaction mixture: purified kynu- 
reninase, 0.5 ml.; L-kynurenine, 1.5 uM; sodium pyruvate-2-C™, 0.31 uM; tris(hydroxy- 
methyl)aminomethane, pH 8.3, 0.04 mM, 0.10 ml.; final volume, 1.70 ml. Pyruvate 
contained 90,100 ¢.p.m. Incubation time, 90 minutes. Descending chromatograms 
were run, and the upper portions (including the origins) were cut off to fit the x-ray 
film. See ‘Materials and methods” for the chromatographic procedures. 


EXPERIMENTAL 


Veperiments with C'-Pyruvate—The enzymatic hydrolysis of kynurenine 
in the presence of C'*-pyruvate was carried out as described in the legend 
to Fig. 1. Analysis of the reaction mixture both spectrophotometrically 
and chromatographically showed that at the end of the incubation period 
the kynurenine had disappeared and anthranilic acid and alanine had been 
formed. Aliquots of the reaction mixture and controls were chromato- 
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graphed on paper and radioautographs prepared. Following exposure of 
the x-ray film, the chromatograms were sprayed with ninhydrin. In Fig. 
1 a photograph is presented which compares a chromatogram of known 
alanine, a chromatogram of the reaction mixture, and the radioautograph 
of the latter. The radioautograph shows a dense band for pyruvic acid, 
and lighter, unidentified slow moving bands (also found in radioautographs 
of chromatograms of the zero time control reaction mixture). The absence 
of detectable radioactivity in the alanine formed from kynurenine estab- 


TaBLe I 
Formation of Kynurenic Acid by Bacterial Kynureninase Preparations 























Purified Calcium . Kynurenic 
a. a. “preparation eee 5) mo pyruvate mm. 
ml. ml. pM 7 uM 
1 0.5 5.0 50 + 
2 0.5 50 
3 0.5 5.0 - 
4 0.5 
5 0.5 2.5 30 30 _ 
6 0.5 30 30 
7 0.5 | | 2.6 30 ~ 
oo oe | 30. | 











Tubes 1 to 4 were buffered with tris(hydroxymethyl)aminomethane, pH 8.3, final 
concentration 0.013 m; Tubes 5 to 8, with phosphate, pH 8.3, final concentration 0.035 
m. All tubes made to 3.0 ml. with water. Solutions from even numbered tubes 
(reaction mixtures minus kynurenine) used for adjusting spectrophotometer to 100 
per cent transmission in each case. Incubation at room temperature continued 
until the reactions were completed (determined by taking samples at a series of 
time intervals and measuring optical density at 360 my in the spectrophotometer). 

* Evidence presented in Fig. 2 and Table II and in the text. 


lishes that free pyruvic acid could not have been formed as an intermedi- 
ate. 

Kynurenic Acid Formation—A crude extract of bacteria and a purified 
bacterial kynureninase preparation were both incubated with kynurenine, 
in the presence and in the absence of a 10-fold excess of pyruvic acid. The 
experimental details are presented in Table I. At the end of the incuba- 
tion period, the reaction mixtures were analyzed spectrophotometrically 
and chromatographically. 

No kynurenic acid was formed with either preparation in the absence of 
added pyruvic acid, and with the purified preparation none was formed in 
the presence of added pyruvic acid. In all three cases, the absorption 
spectra of the final reaction mixtures corresponded exactly to that for 
known anthranilic acid (Fig. 2), and paper chromatography failed to reveal 
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a kynurenic acid spot. These results may be contrasted with those of 
Dalgliesh et al., who found kynurenic acid formed by all of their kynureni- 
nase preparations. 





35 | CRUDE ENZYME PURIFIED ENZYME 
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ie) 4 i 4 Y 4 4 4. 
280 300 320 340 360 280 300 320 340 360 
WAVELENGTH, MILLIMICRA 
Fia. 2. The effect of added pyruvate on the products of kynureninase action. O, 
known anthranilic acid; 0, reaction mixture without added pyruvate; A, reaction 
mixture with added pyruvate. See Table I for composition of the reaction mixtures. 














TABLE II 
Identification of Kynurenic Acid 
| Rp values 
Solvent system |——__—— ee aS ToS CPSs 
Known kynurenic Enzymatically formed 
acid kynurenic acid* 





Methanol-benzene-butanol-water 


Chromatogram 1......................... 0.57 0.57 
ee _ OR CT TNE ED REE | 0.64 0.64 
Butanol-acetic acid-water................... 0.66 


0.65 





See ‘“‘Materials and methods” for the chromatography procedures. 
* Appearing in chromatograms of reaction mixture from Tube 1, Table I (crude 
enzyme plus kynurenine plus excess pyruvate). 


In the case of the crude bacterial extract, however, the addition of py- 
ruvic acid did stimulate the formation of some kynurenic acid, as evi- 
denced by a shift in the final absorption spectrum toward 330 mu, the 
peak for kynurenic acid (Fig. 2). This conclusion was confirmed by chro- 
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matography: the twice eluted and rechromatographed fluorescent spot 
from the reaction mixture showed the same fluorescent color and Ry as 
known kynurenic acid in two solvent systems (Table II). The crude prep- 
aration thus contained kynurenine transaminase, which was inactivated or 
removed during preparation of the purified kynureninase. 


DISCUSSION 


Mechanism of Kynurenine Hydrolysis—Dalgliesh et al. proposed that the 
single enzyme, kynureninase, catalyzes a three-step reaction involving the 
transfer of the a-amino group of kynurenine to pyridoxal phosphate, hy- 
drolysis of the resulting keto acid to anthranilic acid and pyruvic acid, and 
transamination of the pyruvic acid with the aminated coenzyme to yield 
alanine and regenerated pyridoxal phosphate. The evidence presented in 
the foregoing section rules out the formation of free pyruvic acid as an 
intermediate; it does not rule out the possibility that enzyme-bound pyru- 
vate is involved. It would have to be extremely tightly bound, however, 
since in the above experiments as little as 0.1 per cent of exchange between 
intermediate and C'*-pyruvate would have been detected. 

Alanine Formation—Dalgliesh et al. interpreted the stimulation of kynu- 
renic acid formation by added pyruvic acid to mean that kynureninase 
was catalyzing a transamination between the added pyruvate and kynure- 
nine (via pyridoxal phosphate as amino group carrier), to yield alanine 
and kynurenic acid. The present experiments rule out such a function for 
kynureninase, since the alanine formed in the presence of added C"-py- 
ruvate contained no radioactivity. 

Kynurenic Acid Formation—In contrast to the findings of Dalgliesh et 
al., the present experiments show that purified kynureninase does not form 
kynurenic acid from kynurenine, with or without added pyruvic acid. We 
are therefore unable to confirm the principal observation on which their 
theory of kynureninase action is based. 

Furthermore, it is stoichiometrically impossible for kynureninase to cata- 
lyze formation of kynurenic acid from kynurenine without added keto 
acid. Kynurenic acid contains one less amino group than does kynurenine; 
hence the preparation of Dalgliesh et al. must either (a) have contained an 
amount of keto acid equivalent to the amount of formed kynurenic acid 
or (b) have been contaminated with an L-amino acid oxidase, providing the 
necessary keto acid by oxidizing alanine to pyruvic acid and ammonia. 
We favor the latter view, since their enzyme preparation was dialyzed 
and presumably free of keto acid. In either case, the formation of ky- 
nurenic acid by the animal enzyme preparations can most simply be ex- 
plained by assuming the presence in these preparations of kynurenine 
transaminase. 


698 KYNURENINASE 


Kynurenine Metabolism in Bacteria—Stanier, Hayaishi, and Tsuchida 
(10) observed that a given strain of Pseudomonas metabolized kynurenine 
either via kynurenic acid (“quinoline pathway’’) or via anthranilic acid 
(“aromatic pathway”’), and considered that these pathways were mutually 
exclusive in the various strains. Recently Miller e¢ al. (5) showed that 
strain Tr-7, a typical quinoline pathway organism, contained small amounts 
of kynureninase; the present experiments show that strain Tr-23, a typical 
aromatic pathway organism, contains some kynurenine transaminase. 
Thus both types of organisms contain both the hydrolyzing and transami- 
nating enzymes. The gross differences in kynurenine metabolism observed 
by Stanier, Hayaishi, and Tsuchida are a consequence of widely differing 
ratios of kynureninase activity-kynurenine transaminase activity in the 
two bacterial types. 


The authors are grateful to Dr. Gerard Milhaud for the generous gift of 
radioactive pyruvic acid, to Dr. R. Y. Stanier for many helpful discussions 
and suggestions, and to Dr. Joseph Katz for providing facilities for radio- 
autograph preparation. 


SUMMARY 


When purified bacterial kynureninase was allowed to act on kynurenine 
in the presence of pyruvic acid-2-C™“, the alanine formed contained no 
detectable radioactivity. Purified kynureninase was found not to form 
kynurenic acid from kynurenine, either in the presence or absence of added 
pyruvate. These experiments rule out the transamination réle for ky- 
nureninase proposed by Dalgliesh and coworkers and support the view 
that kynurenine is directly split to anthranilic acid and alanine. 

Pseudomonas fluorescens strain Tr-23, known to metabolize kynurenine 
solely by kynureninase action, has been shown also to contain kynurenine 
transaminase. 
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KYNURENINASE FROM NEUROSPORA: PURIFICATION AND 
PROPERTIES* 


By WILLIAM B. JAKOBY{ anv DAVID M. BONNER 


(From the Department of Microbiology, Osborn Botanical Laboratory, Yale University, 
New Haven, Connecticut) 


(Received for publication, June 23, 1953) 


As part of a study of kynurenine metabolism in Neurospora crassa, the 
enzyme, kynureninase, has been investigated. Evidence from studies with 
mycelial pads suggests that tryptophan gives rise to kynurenine, which 
may be degraded to anthranilic acid (1). Kynurenine is also oxidized to 
hydroxykynurenine, which is converted to hydroxyanthranilic acid (2). 
The similarity of these reactions, i.e. the formation of anthranilic and 
hydroxyanthranilic acids, suggests that one enzyme is active for both 
kynurenine and hydroxykynurenine. In order to establish the specificity 
of Neurospora kynureninase, the purification of the enzyme was undertaken. 

An enzyme has been found in mammals (3, 4) which is able to convert 
kynurenine and hydroxykynurenine to alanine and anthranilic acid and to 
alanine and hydroxyanthranilic acid, respectively (5). A partially purified 
bacterial kynureninase preparation has also been obtained, but data for 
its action on hydroxykynurenine as substrate are not available (6). 

Evidence will be presented that kynureninase from Neurospora is able 
to convert t-kynurenine, 3-hydroxy-L-kynurenine, and N’-formy]-t-kynu- 
renine to alanine and anthranilic acid, 3-hydroxyanthranilic acid, and 
formylanthranilic acid, respectively. Pyridoxal phosphate acts as coen- 
zyme and magnesium ions activate the reaction. 


Materials and Methods 


Compounds—.-Kynurenine was obtained as the sulfate by hydrolysis of 
N*-acetyl-t-kynurenine. The latter compound was recovered from culture 
filtrates of a Neurospora mutant (7). N’-Formy]-i-kynurenine was pre- 
pared by the method of Dalgliesh (8) and was free of kynurenine as shown 
chromatographically and spectroscopically. Calcium and ammonium salts 
of pyridoxal phosphate were used interchangeably. The calcium salt con- 
tained 27.6 per cent of the free acid, while the ammonium salt assayed 32 
per cent. 


* These investigations were supported in part by the Atomic Energy Commission 
(contract No. AT(zo-1)-1017) and in part by the American Cancer Society upon 
recommendation of the Committee on Growth. 

t Predoctoral Fellow of the National Institutes of Health. 
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Assay—For the determination of enzyme activity, advantage was taken 
of the fluorescence of the products of the reaction. Fluorescence was meas- 
ured with a Farrand fluorometer, a No. 18A Corning filter being used for 
the primary, and, for the secondary, a 440 my interference filter. Under 
the conditions described the fluorescence of anthranilic acid or hydroxy- 
anthranilic acid is a linear function of concentration. 

Enzyme activity was determined in a volume of 1.2 ml. which, unless 
otherwise noted, contained the following constituents: 20 um of pyrophos- 
phate buffer at pH 8.1, 1.2 y of pyridoxal phosphate, 2.4 um of MgSO,, the 
enzyme preparation, and 0.4 um of t-kynurenine. The materials were added 
in the order listed, with the incubation period commencing upon the addi- 
tion of substrate. The system was incubated at 37° for 30 minutes and the 
reaction stopped by the addition of 0.2 ml. of a 10 per cent perchloric acid 
solution. After the removal of precipitated protein, 0.1 ml. aliquots of 
the supernatant fluid were added to 1 ml. of a 0.13 m phosphate solution 
at pH 5.5. Two control tubes are required for each determination; one 
contained all of the constituents with perchloric acid added at zero time 
(blank), while the second differed from the blank in that it was supple- 
mented with 0.1 um of anthranilic acid. The latter tube served as a stand- 
ard. 

When N’-formylkynurenine was used as substrate (0.4 um per 1.2 ml.), 
the product of the reaction, formylanthranilic acid, was hydrolyzed by 
allowing the perchloric acid-treated mixture to remain at 37° for 40 min- 
utes. Complete hydrolysis is obtained under these conditions. The an- 
thranilic acid thus formed was determined as described above. 

Hydroxyanthranilic acid cannot be determined by this method as it is 
unstable under the conditions outlined for anthranilic acid. Recovery 
experiments yield from 60 to 80 per cent of added hydroxyanthranilic acid. 
Fortunately, this compound can be measured fluorometrically at the pH 
optimum of kynureninase (pH 8.1) and, therefore, the reaction was carried 
out directly in the fluorometer at a temperature of approximately 25°. 
The incubation mixture contained 0.12 ym of hydroxy-pL-kynurenine as 
substrate, the other constituents remaining the same as those used in the 
kynurenine assay. The increase in fluorescence was followed at 1 minute 
intervals, with 50 mum of hydroxyanthranilic acid serving as the standard. 
The blank value was determined by extrapolating to zero time. 

Protein was determined by the method of Lowry et al. (9), with serum 
albumin (Armour Fraction 5) as a standard. 

Units of specific activity are defined as the number of micromoles of 
anthranilic acid formed per mg. of protein when kynurenine is the sub- 
strate under standard conditions. 

Growth—Preliminary experiments indicated that the amount of kynu- 
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reninase may be increased as much as 600-fold by the addition of L-tryp- 
tophan. Mycelium was, therefore, produced by allowing N. crassa (strain 
—£m5256A) to grow under forced aeration in gallon bottles containing 2.5 
liters of minimal medium (10) supplemented with 300 mg. of L-tryptophan. 
Growth was allowed to take place for 30 to 40 hours, the time necessary to 
reach a wet weight of 7 gm. when an inoculum from a fresh agar slant was 
used. Mycelium may be stored for at least 8 months at —20° without 
loss of enzyme activity. 

Extraction—The enzyme can be extracted by any one of several methods, 
none of which alters its behavior on subsequent fractionation. In all cases 
0.1 m phosphate at pH 8.1 was used as buffer. For small quantities, 
lyophilized mycelium was extracted by shaking with sand or small glass 
beads (120 mesh) in a Mickle shaker (11). When large volumes of extract 
were required, lyophilized mycelium was powdered in a previously chilled 
mortar and suspended in buffer. The suspension was shaken with glass 
beads (3 mm. in diameter) for 2 hours at 4° on a reciprocating shaker. 
The suspension was then strained through cheese-cloth and centrifuged for 
40 minutes at 18,000 x g. 15 ml. of buffer were used for each gm. dry 
weight of mycelium and yielded approximately 12 ml. of extract. 


Purification 


All the procedures were carried out at approximately 4° with the excep- 
tion of those steps involving ethanol. Ethanol solutions were centrifuged 
at —15° for 15 minutes at 20,000 X g. All other centrifugations were 
conducted at 18,000 x g for 20 minutes in a cold room kept at 4°. 

Ammonium Sulfate Treatment—To 110 ml. of the cell-free preparation 
(specific activity, 0.44) was added powdered ammonium sulfate to 25 per 
cent of saturation (saturation = 720 gm. added to 1 liter). The precipitate 
was removed by centrifugation. Additional ammonium sulfate was added 
to 42 per cent of saturation and the precipitate removed.' It has been 
found that kynureninase precipitates between 42 and 60 per cent of satura- 
tion. However, upon adding this increment of salt in one step, the yield 
was remarkably reduced. This effect is shown in Table I. It should be 
noted that the response to combined fractions is additive and that an 
inhibitor is not present. It was found most efficient to add the salt in 
steps of 48, 54, and 60 per cent of saturation. Each fraction was dissolved 
in 20 ml. of 0.1 m phosphate buffer at pH 8.1. When the high-activity 
fractions are combined, they constitute the “ammonium sulfate” fraction. 
For the experiment described here (Table II), the 42 to 48 per cent and 
the 48 to 54 per cent fractions were combined (volume, 40 ml.; specific 
activity, 5.0). 


! This fraction, containing kynurenine formamidase, was saved for further study. 
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Protamine Treatment—To 40 ml. of the ammonium sulfate fraction was 
added a solution of protamine sulfate providing 30 mg. of the protamine 

















sulfate for each 100 mg. of protein. The precipitate was removed by 
TaBLe I 
Fractionation of Kynureninase with Ammonium Sulfate 
ae “ta Fraction Anthranilic acid formation, muy 
1-2 Original 100 
1 Ammonium sulfate, 42-48% 41 
‘e “ec 42-54% 35 
“c “ee 42-60% 25 
te «42-66% 17 
“ “¢ 42-48% + 42-60% 66 
a ‘¢ 42-48% + 42-66% 58 
2 ef ‘6 42-48% 30 
6c “c 48-54% 50 
" “54-60% 10 
TaBLe II 


Data for Typical Fractionation 


























—" 
a 
i Fraction Volume | Protein Units jar — on 
4 ml. mg. 
1 | Original extract 110 2500 1100 100 0.44 | 1.69 
2 | Ammonium sulfate, 42-48% 20 58 212 19 3.66 1.85 
7 «48-54% 20 96 440 40 4.60 1.62 
Combined ammonium sul- 40 154 652 59 4.23 
fate 
3 | Protamine treatment 44 129 624 57 4.84 1.68 
4 | Ethanol precipitation 20 |; 10 260 24 | 25.4 1.74 
5 | Calcium phosphate treat-| 22 | 4 142 13 | 32.4 | 1.74 
ment | 








* The ratios of activities on kynurenine and hydroxykynurenine (K/OHK) are 
arrived at by multiplying by a factor of 6 the number of millimicromoles of hydroxy- 
anthranilic acid formed in 5 minutes. The ratio is then equal to the number of 
millimicromoles of anthranilic acid formed per 30 minutes at 37° when kynurenine 
serves as substrate, divided by the number of millimicromoles of hydroxyanthranilic 
acid formed per 30 minutes at 25° when hydroxykynurenine serves as substrate. 


centrifugation and the supernatant fluid dialyzed for 4 hours against two 
changes of distilled water (700 ml. each). Protein precipitating at this 
stage was removed by centrifugation (volume 43 ml.; specific activity, 5.5). 
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Ethanol Precipitation—The dialyzed solution was placed in an ethanol 
bath at —2°. During the addition of ethanol] the temperature was gradu- 
ally lowered from —2° to —14°. Ethanol (95 per cent), previously cooled 
to —30°, was added slowly over a period of 10 minutes until its concentra- 
tion was 20 per cent by volume. The concentration was increased to 55 
per cent by volume during an additional 10 minute period and allowed to 
stand with stirring for a further 10 minutes. The suspension was centri- 
fuged and the precipitate discarded. The supernatant fluid was brought to 
70 per cent ethanol within 5 minutes, stirred for 5 minutes, and centrifuged. 
The supernatant fluid was discarded and the precipitate dissolved in 18 
ml. of 0.05 m phosphate buffer at pH 8.1. This solution was dialyzed 
against two changes of distilled water (700 ml. each) for 3 hours and the 
resulting suspension clarified by centrifugation (volume, 19 ml.; specific 
activity, 25). 

Calcium Phosphate Treatment—Calcium phosphate gel, prepared by the 
method of Kunitz (12) and containing 45 mg. of calcium phosphate per ml., 
was acidified with acetic acid, so that the pH of the supernatant fluid of a 
centrifuged gel suspension was 6.5. The gel (0.5 ml.) was added to 5 ml. 
aliquots of the ethanol fraction. The suspension was stirred for 20 minutes 
in an ice bath and centrifuged, and the sediment discarded (volume, 21 
ml.; specific activity, 35). 

Data for a typical fractionation are summarized in Table II. At this 
stage the preparation is free of acylpyruvase (13) and kynurenine for- 
mamidase. The method permits the recovery of 10 per cent of the enzyme 
present in crude extracts with a 70- to 100-fold increase in purity. 


Properties of Enzyme 


Specificitty—Purified preparations of kynureninase will hydrolyze L-ky- 
nurenine, 3-hydroxy-L-kynurenine, and N’-formyl-t-kynurenine. In the 
last column of Table II, a comparison is made of the enzyme utilization of 
kynurenine, and hydroxykynurenine as substrates. The constancy of the 
ratio of the two activities throughout the course of purification is taken as 
evidence that a single enzyme is acting on both substrates. Similar data 
were not obtained for formylkynurenine, since the experiments were compli- 
cated by the presence of kynurenine formamidase at the early stages of pu- 
ification. 

Anthranilic acid, 3-hydroxyanthranilic acid, and formylanthranilic acid 
were identified on chromatograms after incubation of the enzyme with 
kynurenine, hydroxykynurenine, or formylkynurenine. The products were 
recognized by their fluorescence, and their identity was confirmed by com- 
parison with absorption spectra of the authentic compounds. With for- 
mylkynurenine as substrate, both formylanthranilic acid and anthranilic 
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acid were found. The ease with which the formyl group is hydrolyzed 
chemically has been previously described (14). Alanine was formed from 
all three substrates and was identified by comparison with controls after 
ninhydrin treatment of the chromatogram. The solvent mixture of Mason 
and Berg (15) and butanol-propanol-water (1:2:1) were used as developing 
solvents. 

The Michaelis constants derived from Lineweaver-Burk (16) plots of the 
kinetic data are 6 X 10-* M and 3 X 10-* m for kynurenine and hydroxy- 
kynurenine, respectively. It must be noted that the values for hydroxy- 
L-kynurenine were determined in the presence of an equal quantity of the 
p form, as only the racemic mixture was available. As p-kynurenine was 
not acted upon by kynureninase, it is assumed that the same holds true 
for hydroxy-p-kynurenine. The Michaelis constant for formylkynurenine 
is of the same order of magnitude. All three substrates are inhibitory to 
enzyme action when present in concentrations greater than 4 X 10~ m, 
This observation is discussed elsewhere (17). N-Acetyl-t-kynurenine is 
inactive in this system. 

Pyridoxal phosphate is required for enzyme action. The preparations 
obtained after calcium phosphate treatment have been approximately 98 
per cent resolved. Fig. 1 describes the response to pyridoxal phosphate 
when kynurenine and hydroxykynurenine are used as substrates. By ex- 
trapolation to zero activity, the half maximal concentration of pyridoxal 
phosphate with either substrate is estimated as 6 X 10-7 m. Increasing 
the concentration above 4 X 10- m proves inhibitory. Pyridoxamine 
phosphate is inactive. 

Although calcium ions have been found to activate at some stages of 
purification, the response is highly variable. Similar findings have recently 
been described by Kearney and Englard (18). It has been found, how- 
ever, that magnesium ions at a concentration of 2 X 10-* activate the en- 
zyme at all stages of purification, the activation being of the order of 15 
to 45 per cent, depending upon the preparation. 

pH Dependence—From Fig. 2 it may be seen that the pH optimum, 
as determined with either kynurenine or hydroxykynurenine, is at pH 
8.1. Optimal activity was obtained in pyrophosphate or Veronal buffers. 
The activity in phosphate, borate, and tris(hydroxymethy]l)aminomethane 
(Tris) buffers was reduced to 85 per cent. It will be shown that the 
inhibition by Tris is due to the reactivity of the free amino group of this 
compound (17). In Fig. 3 are included data on the stability of the en- 
zyme. The stability was found to be greatest at pH 5.2. 

Energy of Activation and Denaturation—For the determination of the 
energy of activation, the rate of the reaction with kynurenine as substrate 
was measured at four temperatures. A plot of the data shows a linear 
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Fie. 1. Pyridoxal phosphate saturation curve with kynurenine (@) and hydroxy- 
kynurenine (©) as substrates. The assay was conducted under standard conditions 
except for the variation of pyridoxal phosphate. 3 y of protein (specific activity 32) 
were used for each sample. 
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Fic. 2. Effect of pH on enzyme activity with kynurenine (@) and hydroxyky- 
nurenine (©) as substrates; 0.013 m pyrophosphate buffer. 

Fic. 3. Effect of pH on enzyme stability. The enzyme preparation was incubated 
in 0.022 m buffer at 2°. After 24 hours, the pH was adjusted to 8.1 and the assay con- 
ducted under standard conditions with kynurenine as substrate (acetate (@), phos- 
phate (O), Veronal (™)). 
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relationship between 20-37°. By the use of the Arrhenius equation, the 
energy of activation has been calculated to be 7.2 kc. per mole. The energy 
of the denaturation reaction has been investigated by incubating the en- 
zyme in the presence of pyridoxal phosphate in the 39-48° temperature 
range for four 3 minute intervals. Aliquots were assayed under standard 
conditions for residual activity. The energy of denaturation is estimated 
as 80 ke. per mole. 

Inhibition—From Table III it may be seen that the usual carbonyl group 
reagents inhibit kynureninase action, presumably (19) by combination with 
the carbonyl group of pyridoxal phosphate. 

The suggestion offered by Dalgliesh et al. (20) in regard to the mechanism 
of action of kynureninase was tested, in part, by observing the possible 














TaBLeE III 
Effect of Inhibitors on Kynureninase Action 
Compound Concentration Per cent inhibition 
M 
he Ee OE EE CEPT COTES 2X 10°? 0 
ME or Smosh: 0235s boo wai SRuradles 1 X 10-4 68 
I He cats ius Bese eRe wxmepieer gues 1X 10° 17 
eR Rib thotnd shake gate adsiiesde Hace 1 X 10°? 58 
a ee errs vee 1 X 10°? 0 
a-Ketoglutaric acid...................... 1 X 10° 0 





inhibitory effects of two a-keto acids. These authors suggested that ky- 
nurenie acid may also be formed by the action of kynureninase, since, in 
their partially purified rat liver system, they observed kynurenic acid for- 
mation from kynurenine when an a-keto acid was added. They have 
further suggested that kynurenine is first deaminated to an a-keto acid, 
then hydrolyzed to anthranilic acid and pyruvic acid, and the resulting 
pyruvic acid reaminated to form alanine. Excess pyruvate would then 
act as an amine acceptor, increasing the rate of kynurenine deamination 
and, therefore, the rate of formation of kynurenic acid. The last compound 
would be formed by spontaneous ring closure of the diketo analogue of 
kynurenine. 

The data of Table III were obtained by including the a-keto acids in a 
reaction mixture containing a limiting amount of kynurenine. It is evident 
that inhibition was not obtained. Furthermore, chromatography of the 
reaction mixtures did not show the presence of kynurenic acid. In order 
to test for the presence of free pyruvic acid formed in the kynureninase 
reaction, the enzyme was incubated with kynurenine, muscle lactic de- 
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hydrogenase, and reduced diphosphopyridine nucleotide. Assays for lactic 
acid (21) after incubation showed it to be absent. These results, therefore, 
are not in agreement with the mechanism of action of kynureninase pro- 
posed by Dalgliesh et al. (20). 


SUMMARY 


Kynureninase from Neurospora has been purified 70- to 100-fold and 
has been found to catalyze the hydrolysis of t-kynurenine, 3-hydroxy-.- 
kynurenine, and N’-formyl-L-kynurenine to alanine and anthranilic acid, 
3-hydroxyanthranilic acid, and formylanthranilic acid, respectively. Mag- 
nesium ions increase the rate of the reaction and pyridoxal phosphate acts 
as coenzyme. p-Kynurenine and N*-acetyl-t-kynurenine are inactive as 
substrates. 

Enzyme activity is inhibited by carbonyl reagents but not by pyruvate 
or a-ketoglutarate, nor is free pyruvic acid formed by the reaction. 


We wish to thank Dr. A. Butenandt and Dr. Y. Kotake for their gifts 
of hydroxy-pL-kynurenine, Dr. M. Mason for a gift of p-kynurenine, Dr. 
E. A. Peterson for pyridoxamine phosphate, Dr. E. Racker for crystalline 
muscle lactic dehydrogenase, and Dr. W. W. Umbreit for calcium pyridoxal 
phosphate. 
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During the course of work with kynureninase obtained from Neurospora 
crassa (1), it became evident that a series of interactions was taking place 
between the enzyme and its substrates, pyridoxal phosphate and amines. 
Studies of the pyridoxal phosphate-activated dihydroxyphenylalanine and 
tyrosine decarboxylases have indicated that several amines (2-4) and aro- 
matic amino acids (2, 5, 6) are capable of inhibiting decarboxylation. 
Moreover, it has been suggested that amino acids compete with kynurenine 
for mammalian kynureninase (7). 

This investigation deals with the mechanism of amine inhibition as well 
as with the inhibition of kynureninase by its substrates and coenzyme. 


Materials and Methods 


Kynureninase was prepared from Neurospora by the method previously 
described. The preparations used in these experiments had a specific ac- 
tivity of 10 (1). The final protein concentration of the reaction mixture 
was approximately 12 y per ml. 

The source of the materials used and the method of assay have been 
described (1). 

Amine Inhibition 

Amino acids act as inhibitors of the kynureninase reaction. Table I 
summarizes the action of various compounds which were tested for their 
inhibitory activity on anthranilic acid formation. In each case the com- 
pound to be tested and PP (pyridoxal phosphate) were allowed to stand 
at room temperature for 4 minutes prior to the addition of the enzyme 
preparation. Kynurenine was added approximately 4 minutes afterwards. 
From the data of Table I, it appears that the amino group is necessary for 
inhibition. Thus the diamines are more effective inhibitors than mono- 
amines; imino, keto, amide, and carboxyl groups are inactive. 


* This investigation was supported in part by the Atomic Energy Commission 
(contract No. AT(zo-1)-1017) and in part by the American Cancer Society upon 
recommendation of the Committee on Growth. 

t Predoctoral Fellow of the National Institutes of Health. 
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Several compounds appear exceptional in their behavior; two amino 
acids, glycine and methionine, were found to be poor inhibitors, while three 
others, dihydroxyphenylalanine, histidine, and cysteine, were highly in- 
hibitory. This behavior will be discussed. 
Inasmuch as amines are known to form Schiff bases with pyridoxal, the 
formation of such compounds with PP might well be the basis of their 


TaBLe I 


Inhibition of Kynureninase by Amines 








inhibitory action. 




















Concen- |Per cent Concen-|Per cent 
Compound tration X | inhibi- Compound tration | inhibi- 
10-3 uw tion X 10m) tion 
Glycine 40 4 | Tryptamine 10 14 
L-Alanine 10 27 +| u-Lysine 10 63 
p-Alanine 10 28 | Cadaverine 10 62 
B-Alanine 10 29 | pu-Ornithine 10 60 
L-Serine 10 14 | Putrescine 10 65 
p-Serine 10 13 
L-Threonine 10 17 | u-Arginine 10 30 
pu-Allothreonine 10 13 | Urea 10 9 
pL-Homoserine 10 13 | u-Histidine 10 38 
pL-a-Aminobutyric acid 10 30 | t-Phenylalanine 10 4 
pL-Methionine 40 10 | pu-Dihydroxyphenylal- 5 92 
L-Cysteine 10 47 anine 
pu-Dihydroxyphenylal- 0.5; 61 
L-Aspartic acid 10 12 anine 
L-Asparagine 10 9 
L-Glutamic acid 10 11 | u-Proline 10 0 
L-Glutamine 10 14 | u-Hydroxyproline 10 0 
| Pyruvic acid 10 0 
L-Tryptophan 10 13 | a-Ketoglutaric acid 10 0 
Lactic acid 10 | 0 
Acetone | 10 0 


When amines are added to a buffered solution (pH 8.1) 


of PP, a yellow-green color appears. Indeed, in the synthesis of over a 
score of pyridoxylamino acids, Heyl et al. (8) noted the occurrence of the 
colored Schiff bases. Under the conditions used here, pyridoxal yields the 
same color reactions as PP; pyridoxine, pyridoxamine, and pyridoxamine 
phosphate do not. These findings suggest that the carbonyl group of PP 
combines with the amines. Under the same conditions dihydroxyphenyl- 


alanine, histidine, and cysteine yield colorless addition products with PP. 
These reactions have been previously noted and ascribed to the formation 
The products of the reaction of 


of cyclic addition compounds (8, 2). 
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histidine and cysteine with pyridoxal have been isolated and characterized 
(8). 

If the formation of a PP-amine Schiff base were responsible for the amine 
inhibition, the basis of the inhibition would be the result of a lowered PP 
concentration. The degree of inhibition, then, should involve a time factor 
for the formation of the Schiff base and would be of a competitive nature. 

As shown in the lower section of Table II, the inhibition is reduced by 
introducing the amine after the enzyme and PP have been in contact for 
several minutes. 

It appears, as well, that the amine inhibition is reversed by the addition 
of PP. However, as will be discussed, PP itself proves inhibitory, and the 
data of Table II reflect the interaction of the two effects. 


Taste II 
Reversal of Amine Inhibition 











” — a Per cent inhibition 
Addition 0X Mu 
ly PP 8 y PP 
I ccd vibes kw BRE ESR US a eal e eine 0 0 30 
MENTS Ot AGNI, ea a cee 10 13 25 
INS ace, clue 2c a hcatenth, Sou Pee da ecdanes 10 14 26 
FE ory $e 10 17 25 
pt-a-Aminobutyric acid..................... 10 30 22 
SSP eS ee bea ae © ee Cee eye 0 0 0* 9 
RIS. ssa p vin Sia. Paso Me ES vie 1 9 ag 1 
NR  aizig ae rnb ening Hires in v93 SO OEEA 10 8 3* 6 
pL-Dihydroxyphenylalanine................. 0.5 61 39* 39 
NE, ©. fos cknede ioe tte sateen 2.5 16 9* 9 

















* The enzyme preparation was added to PP before the addition of the amines. 


Substrate and Pyridoxal Phosphate Inhibition 


As is the case with other amines, kynurenine gives rise to the typical 
Schiff base color reaction with PP. Thus, kynurenine, the substrate for 
the enzyme, should act as its own inhibitor. That this is the case is shown 
by the experiment outlined in Table III. Preincubation of kynurenine 
with PP prior to the addition of the enzyme results in inhibition of anthrani- 
lic acid formation. 

In order to test the effect of additional PP on the reversibility of the 
inhibition due to kynurenine, the experiment described in Table IV was 
performed. Two points of interest emerge: kynurenine inhibition is par- 
tially reversed by PP, and PP itself is inhibitory. In view of the fact that 
kynurenine forms a complex with PP, the observed inhibition may be due 
to the decrease in concentration of one or both of these components. Thus 
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an explanation of the inhibition by high kynurenine concentrations may, 
in part, be based on the removal of PP as a kynurenine-PP complex. 

A similar explanation for the inhibition caused by increased PP concen- 
trations does not, however, seem plausible. Optimal concentrations of 














TaBLeE III 
Preincubation of Kynurenine and Pyridozal Phosphate 
Preincubation mixture 
Preincubation time* = ee re ne —| Anthranilic acid formed 
Kynurenine PP 

afeT wee min. on ex ' uM is emis ~*~ mM 
0 0.4 1 190 

15 0.4 1 176 

45 0.4 1 126 

45 0.4 Ot 184 

45 ot 1 180 











* Preincubation was conducted in a volume of 1.1 ml. at pH 8.1 and 37°. The re- 
action was started by the addition of 0.1 ml. of the enzyme preparation. 

t PP (1 y) was added immediately before the addition of enzyme. 

¢ Kynurenine (0.4 um) was added immediately after the addition of enzyme. 











TaBLe IV 
Kynurenine-Pyridozal Phosphate Interaction 
Anthranilic acid formed, mum 
.-Kynurenine — — penincripnerasiainenenteaneiniinsuieinasts — a _ 
No PP | 1 7 PP | 8 PP 
wae | | 
0.1 17.5 | | 
0.3 18.1 
0.4 185 | 169 
0.5 18.4 179 175 
0.6 149 166 
0.8 142 | 171 
1.0 18.3 | 141 | 148 
1.5 18.4 124 | 114 








kynurenine and PP for the reaction have been found to be 0.4 um and 0.0032 
uM respectively. An 8-fold increase in the PP concentration results in as 
much as 30 per cent inhibition, although this amount represents addition 
of less than 0.03 um of PP. If there were a one to one combination between 
the two compounds, only 0.03 um of kynurenine could be removed. A de- 
crease of this magnitude in kynurenine concentration has been shown to be 
without significant effect. These findings suggest that the inhibition ex- 
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hibited by PP is caused by a factor other than that of suboptimal ky- 
nurenine concentration. 

The possibility exists that the kynurenine-PP complex itself acts as an 
analogue type of inhibitor. To examine this point, an enzyme preparation 
which showed some activity without the addition of PP was used. In this 
case (Table IV), increasing kynurenine concentrations did not lead to 
inhibition when PP was omitted from the reaction mixture. Upon the 
addition of PP, however, increasing kynurenine concentrations became 
inhibitory. 


TABLE V 
Inhibition of Kynureninase by Substrate 











Substrate See 
uM per cent 
Lt-Kynurenine 0.5 100 
1.0 93 
1.6 66 
0.5 + N*-acetyl-L-kynurenine 100 
1.2 uM 
N*-Acetyl-t-kynurenine 1.2 0 
N’-Formy]-u-kynurenine 0.5 36 
1.1 33 
: 2.0 14 
3-Hydroxy-pu-kynurenine 0.06 53 
0.10 59 
0.14 54 
0.34 46 








In an attempt to determine which of the two amino groups of kynurenine 
(a-amino-8-o-aminobenzoylpropionic acid) reacts with PP, analogues of f 
kynurenine in which each of the amino groups was selectively blocked were 1 
tested (Table V). N*“-Acetyl-t-kynurenine, which is not a substrate (1), 
was not inhibitory. N’-Formy]-.-kynurenine, a substrate for the enzyme, 
was inhibitory. p-Kynurenine, although not acting as a substrate, was as 
inhibitory as its enantiomorph. It appears, therefore, that the amino 
group on the side chain rather than the aromatic amino group is active in 
the inhibition. 


DISCUSSION 


The results reported here indicate that the inhibition of kynureninase 
action by amines is due to the combination of the amine with PP, thereby 
removing PP. It appears that the condensation of PP with an amine to 
form a Schiff base renders the PP unavailable to the apoenzyme. 
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While most amines behave in this manner, there are several exceptions, 
Although both glycine and methionine give rise to the characteristic yellow- 
green color of the Schiff base, they are poor inhibitors. A possible ex- 
planation of the low order of their inhibition is that the reaction leading to 
the condensation in this case is more readily reversible, and that, when the 
enzyme is added, the equilibrium favors holoenzyme formation rather than 
that of the Schiff base. Dihydroxyphenylalanine, histidine, and cysteine 
are inhibitory to the kynureninase reaction out of proportion to the one 
amino group which they contain. These compounds have, however, been 
shown to cyclize with PP (2, 8), and an explanation of their inhibitory 
effect can be based on the greater stability of the cyclic addition com- 
pounds as compared with the Schiff bases. 

It has been shown that both kynurenine and PP will also inhibit enzyme 
activity, and the suggestion is made that two inhibition mechanisms are 
simultaneously operative. One involves the removal of either coenzyme 
or substrate by the other component; this type of mechanism would be 
expected to play a larger réle in the inhibition caused by excess substrate. 
The other mechanism depends upon the formation of an analogue type of 
inhibitor composed of the Schiff base of the substrate and coenzyme. This 
type of inhibition would explain the effect of excess PP. The absence of 
substrate inhibition when exogenous PP is omitted strengthens the hy- 
pothesis of analogue formation. 

The use of N’-formyl-L-kynurenine as substrate provides evidence as to 
which of the two amino groups of kynurenine is involved in the formation 
of the inhibitory compound. That N’-formylkynurenine is inhibitory at 
the same concentrations as kynurenine suggests that the Schiff base formed 
from. PP and the a-amino group of the substrate is the inhibitory com- 
pound. When the a-amino group is substituted, as in N*-acetyl-1-ky- 
nurenine, the resulting compound is not inhibitory. 

If the kynurenine-PP Schiff base is inhibitory, it follows that this com- 
pound is not the one which normally becomes attached to the enzyme 
surface prior to enzyme action. 


SUMMARY 


Kynureninase obtained from Neurospora crassa is inhibited by all the 
amines tested. Amine inhibition is due to the removal of the coenzyme, 
pyridoxal phosphate, and it is suggested that the two are combined in the 
form of a Schiff base. 

Pyridoxal phosphate, as well as the substrates of the enzyme, is also 
inhibitory. Although substrate inhibition may be explained in part by the 
removal of pyridoxal phosphate in the form of a Schiff base, this mechanism 
fails to account for inhibition by pyridoxal phosphate. The data support 
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the view that the latter type of inhibition is brought about by the substrate- 
pyridoxal phosphate compound, acting as an analogue type of inhibitor. 
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THE FLUOROMETRIC DETERMINATION OF POLYCAR- 
BOXYLIC ACIDS FOLLOWING CHROMATOGRAPHY* 


By CHARLES E. FROHMAN anv JAMES M. ORTEN 


(From the Department of Physiological Chemistry, Wayne University 
College of Medicine, Detroit, Michigan) 


(Received for publication, July 6, 1953) 


Several methods have been presented for the determination of the acids 
of the tricarboxylic acid cycle by chromatography. The acids may be 
separated on silica gel (1-3), Dowex 1 (4), or filter paper (5); after separa- 
tion, they may be measured by titration with standard alkali (1-3) or by 
the usual methods for the individual acids (4, 6). Although the current 
means of separation are satisfactory, the subsequent methods of determin- 
ing the acids are laborious and in some instances inaccurate. Titration of 
the fractions following silica gel chromatography not only is time-consum- 
ing because of the large numbers of fractions of non-aqueous material to be 
titrated, but also may be inaccurate owing to the presence of inorganic 
acids in some of the fractions. These inorganic acid impurities may arise 
from elution of the mineral acid with which the column has been impreg- 
nated. In ion exchange chromatography, the use of titrimetric methods 
of determination is even more impractical. The use of specific methods for 
the individual acids following separation is likewise undesirable because of 
the multiplicity of analytical procedures required. Furthermore, the pres- 
ence of a given acid in an individual fraction is not indicated by any gross 
characteristic such as color; therefore it is difficult to select the exact frac- 
tions needed for analysis by specific methods. 

In the present study, a method was developed for the determination of 
polycarboxylic acids by a general fluorometric procedure following their 
chromatographic separation. The method is based on the reaction of or- 
ganic acids with resorcinol (7) to form fluorescent derivatives. These fluo- 
rescent derivatives not only can be used for the quantitative determination 
of the original acids, but also, because of their solubility in ether, can be 
extracted for measurements of radioactivity in the parent compound. 


EXPERIMENTAL 


Reagents—The following reagents are required: a tertiary amyl alcohol- 
chloroform mixture made by diluting 20 ml. of redistilled tertiary amyl 
* This investigation was supported by a research grant, No. A-237(C), from the 


National Institutes of Health. A preliminary report was presented at the meeting 
of the American Society of Biological Chemists in Chicago, April, 1953. 
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alcohol (Matheson, c.p.), b.p. 102—103°, to 100 ml. with chloroform (Mal- 
linckrodt, ¢.p.); an alcoholic resorcinol solution containing 40 mg. of freshly 
sublimed resorcinol dissolved in 10 ml. of absolute ethyl alcohol (the soh 
tion should be used within 24 hours of preparation); and concentrated sul- 
furic acid (Baker’s Analyzed reagent grade). 

Procedure—Following chromatography on silica gel, with use of a mix- 
ture of tertiary amyl alcohol and chloroform as the eluent, 0.1 ml. of 0.4 
per cent resorcinol was added to each fraction. Tubes containing known 
amounts of the acids to be used as standards and a tube used as a reagent 
blank were similarly treated. The samples then were evaporated to dry- 
ness in a bath of boiling saturated salt water at 108°, which is sufficient to 
vaporize the tertiary amyl alcohol. After 20 minutes heating, each tube 
was aspirated for 2 minutes, while still in the bath, to remove the last traces 
of tertiary amy] alcohol vapor. After the tubes were dry, 0.1 ml. of con- 
centrated sulfuric acid was added and the tubes were heated for 20 minutes 
in a boiling water bath. The residue was dissolved in 5 ml. of 1.5 N sodium 
hydroxide and the fluorescence was measured in a Coleman photofluorom- 
eter with a blue filter. The photofluorometer was arbitrarily set at 39 with 
a standard quinine solution containing 20 y of quinine sulfate per 100 ml. 
and the 0 setting was adjusted with a reagent blank. The fluorescence of 
the sample was compared with a standard curve for the acid in question. 

Reaction of Polycarboxylic Acids with Resorcinol and Sulfuric Acid—Poly- 
carboxylic acids with no other functional groups react with the above 
reagents to produce compounds similar to fluorescein. Those acids con- 
taining unsaturation or hydroxyl groups form umbelliferones under the 
same conditions. Keto acids react with resorcinol to form yellow-colored 
complexes of unknown composition, which are also fluorescent. The de- 
rivatives of individual acids fluoresce to yield different colors ranging from 
yellow-green to violet, thus making it possible to identify a fraction by its 
shade of fluorescence. The colors and intensities of fluorescence of the 
various derivatives are shown in Table I. 

Effects of Temperature and Concentration of Resorcinol on Reaction—The 
effect of temperature on condensation of acids with resorcinol, with citric 
acid as an example, is shown in Table II. An increase in the temperature 
of condensation up to 140° increases the intensity of the fluorescence of the 
resulting derivative. However, at temperatures of over 120° the blank 
also develops an appreciable fluorescence. It was decided that despite a 
lower sensitivity it was better to heat the samples at 100° because of the 
ease of maintaining this temperature. 

The intensity of fluorescence was found to be directly proportional to 
the amount of resorcinol added between the limits of 0 and 200 y. The 0.4 
per cent solution supplies an excess of resorcinol, and hence slight variations 
in the amount added do not affect the development of fluorescence. 
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[al- Selection of Filter—Since the wave-length of the fluorescence of the vari- 
hly ous acids varies, a separate filter for each acid would be necessary to achieve 
yh aximal sensitivity. However, the sensitivity of the method is such that 
sul- a single filter serves the purpose and keeps manipulation at a minimum. 
A Coleman B-2 filter was used throughout the determinations. 
1ix- 
0.4 Tasie I 
wn Color and Intensity of Fluorescence of Solutions of Tricarbozrylic Cycle Acids 
ent Relative fluores- 
iry- Acid Color of solution Color of fluorescence aa Fd % rag 
t to 
ube Fumaric Colorless Blue-violet 24 
ces a-Ketoglutaric Yellow Blue-green 35 
ads Oxalacetic Orange Blue-green 12 
Succinic Colorless Yellow-green 20 
ites Aconitic = Light blue 75 
jum Malic wig Blue-violet 22 
om- Isocitric ” Light blue 58 
‘ith Citric | " Sky blue 89 
= | * The instrument was adjusted so that 0.02 mg. per cent of quinine sulfate read 39. 
2 0 
ion. Tape II 
oly- Effect of Temperature of Condensation Reaction on Intensity of Fluorescence 
ove Relative fluorescence of 1 citric acid 
On- Temperature 
the Blank Sample 
red il °C ona 
de- 90 0 0 
‘om 100 0 12 
its 110 0 43 
120 0 61 
oe 130 6 73 
140 40 85 
The 150 | 95 98* 
tric 
ure * The instrument was adjusted with this sample. 
a Measurement of Radioactivity Following Determination by Fluorometric 
oa Method—The compounds formed by the reaction of polycarboxylic acids 
the with resorcinol are insoluble in acid solutions but soluble in ether; hence 
they may easily be extracted after adjustment of pH. The procedure for 
1 + determination of radioactivity of the fractions is as follows: After the fluor- 
0.4 ometric determination of the acids, 0.5 ml. of concentrated hydrochloric 
one acid is added to each fraction. The mixture is extracted twice with equal 
volumes of diethyl ether. The combined ether extracts are evaporated 
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almost to dryness at room temperature in an aluminum planchet previously 
treated with 1:1 nitric acid. Before the last of the ether disappears, 1.0 
ml. of 0.01 per cent sodium carbonate solution is added and the drying is 
completed in an oven at 80°. The radioactivity of the sample can then be 
measured in a gas flow or Geiger counter. 

No fluorescence or radioactivity could be detected in the aqueous resi- 
dues, thus indicating that the extraction was complete. 

Recoveries—Recovery studies of all acids were made both from mixtures 
of pure acids and from tissues. The samples were chromatographed by a 
modification of a method described previously (3) in which Mallinckrodt 
silica gel was used instead of the type employed earlier. The system of 
elution described by Marshall et al. (8) was also substituted for the earlier 
method. 20 per cent amyl alcohol in chloroform was siphoned into pure 
chloroform. This mixture was then siphoned into the column. Pressure 
was applied by a standing column of fluid extending 75 cm. above the silica 
gel. The fractions from the column were then determined fluorometrically, 
as described above. Table III shows recoveries of the acids involved in 
the tricarboxylic acid cycle from a single mixture of pure acids. Similar 
recoveries were obtained by five other workers in the laboratory. Table 
IV presents typical recoveries of certain of these acids added to homog- 
enized liver. Similar results were obtained with kidney.’ It can be seen 
from Table III that the recoveries of fumaric, a-ketoglutaric, succinic, 
aconitic, malic, isocitric, and citric acids are excellent. Some oxalacetic 
acid was lost during chromatography and so the recoveries are poor for this 
compound, as was reported previously (3). Variable amounts of lactic 
and pyruvic acids are lost during the evaporation of the samples, resulting 
in unsatisfactory recoveries. 

Determination of Levels and Amounts of Radioactivity in Acids of Tri- 
carboxylic Acid Cycle in Livers of Rats Injected with Labeled Acetate—Six 
normal male albino rats of the Sprague-Dawley strain were fasted for 24 
hours, anesthetized, and then given 1.3 X 10’ c.p.m. of acetate-1-C™ in 
0.25 ml. of normal saline intracardially. The‘animals were sacrificed 15 
minutes later. The livers were immediately removed, frozen, weighed, and 
homogenized in acetone with a Potter-Elvehjem homogenizer. The pH 
of the pooled homogenate was then adjusted to 2 with 2 n hydrochloric 
acid, and the solution was allowed to stand overnight at 0°. The homog- 
enate was then centrifuged. The precipitate was removed, washed with 
10 ml. of acetone, and discarded. The acetone was evaporated by aeration 
from a portion of the combined extracts equivalent to 5 gm. of liver tissue, 
and the remaining aqueous suspension was adjusted to 6 ml. with distilled 
water. This solution was centrifuged to separate the acid heme, and 5 ml. 
of the clear supernatant solution were removed. After 10 ml. of acetone 
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ly were added, the solution was evaporated to dryness by aeration. The resi- 
0 due was taken up in 1 ml. of 10 per cent tertiary amy] alcohol in chloroform. 
is TaB_eE III 
be Recovery of Acids from Mizture 
" Acid added | Added | Found Recovery 

cha ee. 
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ed The solution was chromatographed and the acids were determined fluoro- 

nl, metrically. The derivatives were then extracted and the radioactivity 

ne counted. The results are presented in Table V. 
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DISCUSSION 


The levels of the acids in rat liver found in this study are, with the excep- 
tion of fumaric acid, in close agreement with those previously reported (8), 
At that time it was stated that liver contains 8.3 to 8.7 mg. per cent of fu- 
maric acid. No explanation has been found for the lower level reported 
in the present work. It is improbable that the injection of so small an 
amount of acetate could have such an effect on only one acid of the cycle, 
Further studies are planned to determine the cause of this seeming incon- 
gruity. 

In the tracer studies, the drop in specific activities between a-ketoglu- 
taric and succinic acids in the cycle does not appear to be a result of differ- 
ential dilution by acids already present in the liver, since their levels are 
similar. The lower specific activity of succinic acid suggests that some of 
this acid may be formed from a source other than acetate. The radioactive 
succinic acid would thus be diluted and the specific activity would be low- 
ered. The possibility of a secondary source of succinic acid is in agreement 
with the recent work of Marshall et al. (9, 10) in which it was demonstrated 
that succinic acid can be formed by carbon dioxide fixation. 


SUMMARY 


1. A method is presented for the fluorometric determination of poly- 
carboxylic acids following their separation by chromatography. 

2. Recoveries from mixtures of the pure acids and from tissues show that 
the fluorometric method is at least as accurate as the more laborious titri- 
metric method previously used. 

3. The derivatives formed during the determinations of the acids may be 
extracted with diethyl ether for subsequent measurement of radioactivity. 

4, The levels and radioactivity of the acids of the tricarboxylic acid cycle 
were measured in the livers of rats previously injected with acetate-1-C™. 


5. The results suggest the possibility of a source of succinate other than 
acetate. 


The authors are indebted to Mr. Edwin Gangloff for assistance with 
certain phases of this investigation. 
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INHIBITION OF p-AMINO ACID OXIDASE BY AROMATIC 
ACIDS* 


By J. RAYMOND KLEIN 
WITH THE TECHNICAL ASSISTANCE OF ELAINE AUSTIN 


(From the Department of Biology, Brookhaven National Laboratory, Upton, New York) 
(Received for publication, June 8, 1953) 


Benzoate competes with b-amino acids for p-amino acid oxidase and 
thus inhibits the activity of the oxidase (1-3). Monosubstituted ben- 
woates, depending upon the substituent, have higher and lower affinities 
for the oxidase than has benzoate (2). Kojic acid, a y-pyrone, likewise 
competitively inhibits the oxidase (4). 

The present report describes the inhibition of p-amino acid oxidase by 
certain acids, particularly heterocyclic acids having aromatic properties; 
eg., acid derivatives of furan, pyrrole, and pyrones. Like the benzoic 
acids (1-3), kojic acid (4), and 4-7-carbon, straight chain, fatty acids (5), 
the substances compete with p-amino acids for the oxidase and are in 
contrast to the aromatic nitrogen compounds that compete with the flavin 
component of the oxidase (3). The findings suggest some analogies be- 
tween the inhibitors and the amino acids that bear upon the interaction of 
these substances with the oxidase. 


EXPERIMENTAL 


The preparations of p-amino acid oxidase were aqueous extracts of ace- 
tone-dried pig kidney (6). For each experimental run 1 gm. of the kidney 
was ground with 10 ml. of water. The mixture was centrifuged and the 
supernatant fluid collected. The conventional Warburg respirometer was 
used in assaying the activity of the extract as the oxygen uptake of a mix- 
ture containing 0.5 ml. of extract, 1.5 ml. of 0.1 m pyrophosphate buffer, 
pH 8.3, substrate dissolved in a portion of the pyrophosphate, a solution 
of potential inhibitor where indicated, and water to give a volume of 2.5 
ml. The substrate, pt-alanine, was added from the side arm of the vessel 
after temperature equilibrium was reached. Materials' tested for inhibi- 

*The work was done under the auspices of the United States Atomic Energy 
Commission. 


'The Dow Chemical Company, through Dr. Paul A. Wolf, supplied 2-methyl-3- 
hydroxy-1,4-pyrone, 2-chloromethyl-5-hydroxy-1,4-pyrone, 2-methyl-3-hydroxy-1 , 4- 
pyrone, 3-indolepropionic and -butyric acids. The Eaton Laboratories, Inc., 
through Dr. R. J. Main and Dr. W. C. Ward, supplied 2-furoic and 5-nitro-2-furoic 
acids. Merck and Company, Inc., supplied coumalic acid, and, through Dr. Robert 
L. Peck, quinolinic, pyrazinoic, and 2,5-pyrazinedicarboxylic acids. Dr. Alfred 
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tion were used as obtained; the solutions of the materials were adjusted to 
about pH 8. Measurements of uptake were made at 37° in room air. Ag 
usual, L-alanine and other L-amino acids were not oxidized by the extract 
and did not affect the oxidation of p isomers. The rate of oxidation at a 
particular concentration of substrate was estimated from the uptake during 
its period of linearity with respect to time. 

Preliminary screening was carried out to distinguish compounds that 
inhibited the enzyme. In this testing the final concentration of pL-alanine 
was 0.04 m and the concentration of the compound 0.02 m. Arbitrarily, 
substances that gave inhibition of less than 0.15 were considered inactive, 

For each substance considered active a concentration was determined 
that gave inhibition of 0.45 to 0.55 in the presence of 0.04 m pt-alanine, 
The actual inhibition found with such a mixture was compared with that 
found for a second mixture containing substrate and inhibitor, each in 
one-half the concentration in the first. 

The change in degree of inhibition with dilution of inhibitor and sub- 
strate is pertinent to consideration of the kind of inhibition. Such con- 
sideration is furnished by introducing the results into an equation applicable 
to competitive inhibition (7), 


7 
(Ks + (S)) (V/Vr — 1) 


and into an equation for non-competitive inhibition, 


Vi/V(D) 
1 — V;/V 


Kr 





Kr = 


where Ks is the apparent dissociation (Michaelis) constant for the enzyme- 
substrate complex, (J) and (S) are the concentrations of inhibitor and 
substrate, respectively (both assumed equal to the concentration added), 
V, and V are, respectively, rates with and without inhibitor present, and 
K;, is the dissociation constant for the enzyme-inhibitor complex, in the 
first case for a complex with free enzyme, in the second for a complex with 
all forms of enzyme. As will be indicated later, the Ks found for alanine 
was 7.0 X 10-*. If the inhibition found for a substance at a particular 
concentration with 0.04 m alanine was 0.45 to 0.55, 7.e. Vr = 0.55 to 0.45 V, 
then on the basis of the first equation the inhibition with 0.02 m alanine 
should be 0.40 to 0.49, whereas the second equation indicates the inhibition 
should be 0.29 to 0.38, 7.e. Vr = 0.71 to 0.62 V. All data were considered 
in terms of these equations. For all compounds considered active, the 
inhibition observed with 0.02 m alanine differed from that predicted on the 





Sussman supplied a number of furan derivatives and 2-pyrrolecarboxylic acid. The 
courtesy of the several organizations and individuals is greatly appreciated. 
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basis of the inhibition with 0.04 m alanine and the first equation by no 
more than 10 per cent, but differed from that predicted on the basis of the 
second equation by 24 to 52 per cent. Thus, it appears that the compounds 
inhibit by competition with the amino acid for the oxidase. 

Dissociation constants for the inhibitor-oxidase complexes were calcu- 
lated by use of the first equation. The necessary dissociation constant for 
the p-alanine-oxidase complex was estimated from a plot of the reciprocal 
of the rates of oxygen uptake against the reciprocal of four corresponding 
substrate concentrations. A straight line was drawn through the points. 
The concentration of substrate determined by the line and corresponding 
to twice the intercept with the reciprocal-rate axis was taken as the con- 
stant. In eight tests the mean value and its standard deviation were 
7.0 + 0.5 X 10-*. The value of the constant is in reasonable agreement 
with those, 6.1 and 6.6 X 10-*, reported by Hellerman et al. (3). The 
inhibitor constants appear in Table I. Values for benzoic and kojic? acids 
are given for comparison. The data for the unsubstituted fatty acids 
(Acids 19 to 21) lend confirmation to the report that 4-7-carbon, straight 
chain, fatty acids compete with p-amino acids for the oxidase, while acids 
with fewer or more carbon atoms do not (5). 

Compounds tested and considered inactive, 7.e., assuming competitive 
inhibition, compounds having a dissociation constant greater than 1.7 x 
10, are barbituric acid, its isoamylethyl, ethyl-1-methylbuty], and phenyl- 
ethyl derivatives; 2-thiobarbituric acid; taurine; adenosine, guanine, xan- 
thine, and uric acid; uracil and thymine; 4,5-imidazoledicarboxylic acid; 
acetic, propionic, stearic, oleic, linoleic acid, citric, fumaric, succinic, malic, 
and maleic acids; inorganic cyanate and thiocyanate; and glutathione. 


2It was reported that kojic acid, in addition to its effect on the oxidation of p- 
amino acids, also inhibited the oxidation of t-methionine and t-phenylalanine by a 
broken cell preparation of rat liver (4). However, as indicated by test with extracts 
of acetone-dried pig kidney, it appears that the materials purchased as L-methionine 
and t-phenylalanine each contained a relatively large portion of p-amino acids. 
With samples of L-methionine and L-phenylalanine from two other sources which 
were found not to contain p-acids, no inhibition of the oxidation of these substances 
by liver was observed. 

3 Pertinent to the result with thiocyanate is the following: It has been reported 
that the oxidation of the pt form of a number of amino acids by broken cell prepara- 
tions of guinea pig liver is inhibited by thiocyanate (8). When compared, a higher 
concentration of thiocyanate was required for a particular degree of inhibition with 
the pL mixture than was required to give the same inhibition with the same concen- 
tration of the L isomer. This suggests inhibition of p-amino acid oxidase by thio- 
cyanate. As indicated above, thiocyanate did not inhibit the oxidase activity of the 
pig kidney extract. To test the possibility that guinea pig tissue is unique, the effect 
of thiocyanate on the oxidation of p-amino acids by preparations of liver and kidney 
was measured. With the broken cell preparation of tissue described (8), except that 
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In contrast to the inactive heterocyclic compounds, e.g. the barbiturates, 
those in Table I have aromatic properties. In the case of furoic acid (Acid 
5), in which the number of derivatives permits comparison, effects of sub- 
stitution are similar in some respects to those obtained with benzoic acid, 
Metasubstitution in the latter with a methyl group, bromine, or chlorine 
increases affinity for the oxidase (2). A methyl group (Acid 8) or bromine 
(Acid 11) in the 5 position of furoic acid likewise increases the affinity, 
In contrast to benzoic in which a nitro group in any position decreases 
affinity, with furoic a nitro group (Acid 7) gives greater inhibition. Al- 
though not strictly comparable with benzoic acid, replacement of the side 
chain hydroxyl of kojic acid by chloride (Acid 4) increases the affinity 
markedly. The similarities indicated and variety of structures showing 
inhibition suggest that all compounds of aromatic properties having a 
carboxy] or acidic hydroxy] group will inhibit the oxidase in some degree, 

All inhibitors of p-amino acid oxidase found so far that compete with 
D-amino acids are organic acids, although all such acids are not inhibitory. 
It is noteworthy that addition of an aromatic component to acetic or pro- 
pionic acid, neither of which does inhibit, gives acids that do (Acids 16, 17, 
22, and 23). Also, addition of such a component to a fatty acid giving 
some inhibition leads to greater inhibition (see Acids 18 and 19). The 
similar affinities of the unsubstituted and substituted fatty acids for the 
oxidase suggest that the effect of addition of the aromatic component is 
comparable to lengthening the aliphatic chain. 

With a few exceptions, the affinities of acids with a ring directly attached 
to the acid group are markedly greater than those of the fatty acids. This 
indicates factors concerned with inhibition in addition to length of carbon 
chain. Bartlett (2) suggested that consideration of resonance and induc- 
tion might provide an explanation for the variation in activity of benzoic 
acid provided by monosubstitution. Emphasis for a possible réle of reso- 
nance in the inhibition is provided by the data of Table I for benzoic, phen- 
ylacetic, hydrocinnamic, and cinnamic acids. Separation of ring and car- 
boxy] decreases affinity for the oxidase. Introduction of the double bond 
to give cinnamic acid restores the affinity oA een The resonance 
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OX er: te 


a 
(1) (11) 





the concentration of kidney was one- »-half that of liver, ond with 0.02 m p-alanine 
and p-phenylalanine as substrates, it was found that 0.02 m thiocyanate had no effect 
on the oxidation. Apparently, therefore, the effect of thiocyanate on the oxidation 
of the pL mixtures of amino acids (8) is to be ascribed to an effect other than on 
the oxidation of the p isomers. 
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TaBLeE I 
Inhibitory Effect of Aromatic Heterocyclic and Other Acids on p-Amino Acid Oxidase 


The results are expressed as the dissociation constants of inhibitor-oxidase com- 
plexes. Each constant is the mean of results obtained from at least three compari- 
sons of (a) the inhibition in the presence of 0.04 m pu-alanine and sufficient concen- 
tration of material to give a 45 to 55 per cent decrease in activity with (b) 
the inhibition obtained in the presence of one-half these concentrations of substrate 
and inhibitor. The standard deviations, 





> (mean less individual estimate)?\! 
No. of estimates — 1 


did not exceed 10 per cent of the mean. Comparison between compounds indicated 
that the constants as given represent the relative inhibitory capacities of the com- 
pounds. The trivial names of some compounds are given in parentheses. 





Acid Dissociation constant 
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. 1,2-Pyrone-5-carboxylic acid (coumalic).......... | 
. 1,4-Pyrone-2,6-dicarboxylic acid (chelidonic)...... | 
. 2-Hydroxymethyl-5-hydroxy-1,4-pyrone (kojic) . . .| 
2-Chloromethy1-5-hydroxy-1,4-pyrone 
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10. 2- Bensofurancarboxylic acid (coumarilic) 
11. 5-Bromo-2-furancarboxylic acid 
12. 2,5-Pyrazinedicarboxylic acid 
13. Pyrasinecarborylic acid. yous 
14. 3-Pyridinecarboxylic acid (nicotinic). 
15. 2-Pyrrolecarboxylic acid 
16. 3-Indolepropionic acid 
17. 3-Indoleacetic acid 
18. 3-Indolebutyric ‘‘ 

19. n-Butyric acid 
2%. n-Caprylic ‘‘ 
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forms for benzoic (I) and cinnamic (II) acids indicate a connection be- 
tween ring and carboxyl not permitted the substituted or unsubstituted 
fatty acids. 

Although not established, it seems reasonable to suppose that interaction 
between amino acids and the oxidase involves both amino and carboxyl 
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groups. Also, simplicity suggests that the acid groups of inhibitors react 
with the same portion of the oxidase as the carboxyl of amino acids. It 
might be expected, therefore, that inhibitors with both acid and basic 
groups would be more effective than those having acid properties alone. 
As indicated by formula I, benzoic acid, due to resonance, has areas of low 
electron density that might simulate the amino group. This might explain 
why benzoic acid is a stronger inhibitor than the fatty acids. A somewhat 
stronger case can be made for kojic acid, which may be represented by 


OH 
H ¢ \—-0- 
| 


This form for kojic acid represents a greater proportion of all possible 
forms than is the case for the form of benzoic acid given. The more 
marked basic element in kojic acid may be the reason that it is a stronger 
inhibitor than benzoic acid. 


SUMMARY 


A number of heterocyclic acids having aromatic properties were found to 
inhibit D-amino acid oxidase by competing with the substrate. It appears 
likely that such inhibition will in some degree be exhibited by all such 
acids. Certain of such inhibitors, namely those with the acid group at- 
tached to the ring, in addition to the negative charge attributable to the 
acid group bear a positive charge arising from resonance. This suggests 
an analogy to the similar charges of the amino acids and, therefore, a like 
attachment of amino acids and inhibitors to the oxidase. 
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MEASUREMENT OF ENZYME ACTIVITY AT ANY STAGE OF A 
REACTION* 


By OSCAR BODANSKY 


(From the Memorial Center for Cancer and Allied Diseases and the Sloan-Kettering 
Institute for Cancer Research, New York, New York) 


(Received for publication, June 29, 1953) 


The measurement of the activity of an enzyme in tissue extracts, in 
preparations of differing purity, or in biological fluids may properly be made 
by determining the amount of substrate changed in a stated time, provided 
that the change is within the initial zero order portion of the reaction (1-3). 
Under this provision and in the presence of suitable activators the amount 
of substrate changed in the stated time is directly proportional to enzyme 
concentration (1). However, the use of this measure of reaction veloc- 
ity requires constant attention to experimental conditions so that the 
amounts of the substrate changed do indeed fall within the initial portion 
of the reaction. In addition, since most enzyme reactions are of zero order 
only during the first 5 or 10 per cent change of the substrate, the use of 
this measure involves a considerable wastage of substrate, sometimes of 
expensive or scarce material. 

The present paper shows how the amount of substrate changed at any 
stage of the reaction may be properly employed for the measurement and 
comparison of enzyme activities. The relationship underlying this mode 
of measurement is developed mathematically and is then illustrated and 
confirmed by data on the activity of serum phosphohexose isomerase. 


EXPERIMENTAL 


Human sera were used as the source of phosphohexose isomerase activity. 
The method of determining phosphohexose isomerase activity by following 
the formation of fructose-6-phosphate from glucose-6-phosphate has been 
previously described (4). In the present study, the activities of phospho- 
hexose isomerase were determined at the optimal pH range 7 to 8, 37°, and 
at a substrate concentration of 0.002 m glucose-6-phosphate. This con- 
centration is considerably below the maximal range (4). 


Results 


Theoretical—The principle of measurement to be described here involves 
the following operations. The amount of substrate which is changed in a 
* This investigation was supported in part by a research grant (No. C-1351) from 


the National Cancer Institute of the National Institutes of Health, United States 
Public Health Service. 
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stated time, 7 minutes, is determined at various concentrations of an 
arbitrarily defined reference preparation, E, of the enzyme, and a reference 
curve is constructed on the basis of these data. The change in the sub- 
strate may range up to 100 per cent of its total initial concentration. 

The activity of any unknown preparation, E’, of this enzyme is then 
ascertained (a) by arbitrarily choosing a convenient change, S, in the sub- 
strate produced in 7’ minutes by the concentration, E,, of the reference 
enzyme preparation; (b) by determining the amount of substrate, S,, 
changed in 7 minutes by a concentration, Z,’, of the unknown enzyme 
preparation; (c) by noting from the reference curve that concentration, 
E,, of the reference enzyme preparation which would produce the observed 
change of S, in the stated time, JT. The activity of the unknown enzyme 
preparation is then obtained from Equation 1 


E,' 
E,! = x x E, (1) 


where E,’ is defined as the concentration of the unknown preparation that 
would produce the standard change, S,, in the stated time, 7’. 

Equation 1 is derived as follows: For those enzyme preparations which 
contain suitable activators and do not contain inhibitors, the time-change 
curve has the same mathematical form at different concentrations of en- 
zyme (1), and the following relationship, first observed by Arrhenius (5) 
and by Osterhout (6), holds 


Ke (2) 


SoU tall Ra 


where ¢, is the time necessary to produce a change, S,, in the substrate at 
the concentration, EZ, of a reference enzyme preparation. For a stated 
change, S, = S,, the following expression would hold 


1 
= Xk “ 
where ¢; is the time necessary for the change, S;, to occur at the enzyme 
concentration, ZH. The concentration, ,, of the reference enzyme prepara- 
tion needed to effect the stated change, S;, in an arbitrarily chosen specific 


time, 7’, would be expressed by Equation 4. 


1 


Ke = 
‘EXT 





(4) 


Combination of Equations 3 and 4 results in the following expression 
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Let us now consider a non-reference, unknown preparation, E’, of the 
enzyme which, as has already been assumed, has the same mathematical 
form for the time-change curve. Since the time, nf,, will be required to 
effect the stated change, S;, in the substrate, then, as in Equation 3, 


Be 6) 


where K,’ is a constant representing the proportionality of reaction velocity 
and enzyme concentration in the second, non-reference preparation. The 
concentration of enzyme, E,’, of this preparation necessary to effect the 
stated change, S,, in the substrate in the stated time, 7’, will therefore be, 
as in Equation 5, 


EX mh 


E,' = , (7) 





Combination of Equations 5 and 7 yields 


E_, 
E. 8) 
In other words, the ratio of the concentration of the non-reference to 
that of the reference preparation necessary to effect the stated change in a 
stated time is a constant and is equal to the ratio of the reaction velocity 
of the reference to that of the non-reference enzyme. 
It may also be shown in a similar manner that 

Ey’ 

_=* (9) 
where E, and E;,’ are, respectively, the concentrations of enzyme in the 
reference and in the non-reference unknown preparation, expressed as cc. 
per cc. of reaction mixture, needed to effect an observed change of S: in the 
chosen stated time, 7. Hence 

E! _ Ey 


BE.” EB (10) 


By transposition, this becomes 
E. E, X Ea (1) 
where, as previously noted, HE, and EF,’ are the concentrations, respec- 
tively, of the reference and unknown preparations that produce the stated 
change, S,, in the stated time, 7. The activity of the unknown prepara- 
tion may be more directly described as the reciprocal of F,’. 
1 


E 
Activity of unknown preparation = Pe x E. (11) 
6 a 
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This expression of the enzyme activity is thus independent of the extent of 
change in the substrate. 

Identity of Form of Time-Change Curve for Phosphohexose Isomerase Ac- 
tivity—The development of Equations 1 and 11 involves the assumption 
that the form of the time-change curve is the same for different prepara- 
tions of a particular enzyme or for different dilutions of the same prepara- 
tion. Assurance that the form of the function does not change with varia- 
tion in concentration of the enzyme is given by the finding that the ratios 
of the reciprocals of the time necessary to produce a stated change in the 
substrate are the same at different points in the course of the time-change 
curve (1). It was previously found that this relationship held for different 
dilutions of serum phosphohexose isomerase (4). Table I presents several 
typical experiments which demonstrate that the form of the time-change 
function is the same for different sera. 

Reference Curve for Serum Phosphohexose Isomerase Activity—The 
amounts of fructose formed as fructose-6-phosphate per cc. of reaction 
mixture in 30 minutes from 0.002 m glucose-6-phosphate at optimal pH 
(7 to 8) and 37° were determined at various concentrations of an arbitrarily 
chosen serum (Serum 1). The activity of this serum was such that 20 
of fructose were formed at a serum concentration of 0.003 cc. per cc. of 
reaction mixture, 30 7 at a concentration of 0.0045 cc., 40 y at a concen- 
tration of 0.006 cc., and 50 y at a concentration of 0.008 cc. It was possible 
to obtain additional and confirmatory points on this curve with any other 
serum. For example, with a second serum the comparable amounts of 
fructose were formed, respectively, at 0.0018, 0.0027, 0.0037, and 0.0047 
cc. per cc. of reaction mixture. The average value for the ratios of these 
concentrations to those of the first serum was 0.60, The concentrations of 
the second serum necessary to form 60, 80, and so on up to 130 ¥ of fruc- 
tose as fructose-6-phosphate in 30 minutes were then divided by 0.60 to 
give additional points on the first curve. 

Fig. 1 represents the reference curve obtained on the basis of determina- 
tions with four sera. The phosphohexose isomerase activity of any serum 
could then be expressed in terms of the reference serum in the following 
manner. The standard change, S;, was arbitrarily designated as 25 +. 
E,, the concentration of the reference enzyme, necessary to produce this 
change in 30 minutes, was 0.0037 cc. of serum per cc. of reaction mixture. 
In accordance with Equation 11, 


1 


Activity of unknown preparation = FE, X ———— 
lvity preparation 0% FX By 


The activity of various sera could then be obtained by multiplying Z,, the 
concentration of the reference serum that would be necessary to produce 
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the observed change, by 6700 when the concentration of serum was 0.04 
ec. per cc. of reaction mixture and by 26,800 when the concentration was 


TaBLe I 
Identity of Form of Time-Change Curve for Phosphohexose Isomerase Activity of 
Different Sera 
Concentration of glucose-6-phosphate, 0.002 m; of serum, 0.04 cc. per cc. of reac- 
tion mixture; of Na diethyl barbiturate buffer, 0.012 m, or of Michaelis acetate-diethy] 
barbiturate buffer, 0.057 m; temperature, 37°; pH, 7.4 to 7.5. 
































Fructose formed as F-6-P Serum pool Serum Br 
per cc. reaction mixture (Reciprocal of time) (Reciprocal of time) 
Serum Au 
ee ~ | (Reciprocal ae a j Sah 
Fraction of time) As ratio to As ratio to 
Amount of that of Serum that of Serum 
maximum* Au Au 
i, 7 per cent min. min) min 
20 14 0.100 0.167 1.67 0.0305 0.31 
40 28 0.0454 0.0769 1.69 0.0127 0.28 
60 | 42 0.0265 | 0.0465 1.76 0.0077 0.29 
80 56 0.0174 0.0286 1.64 0.0049 0.28 
100 70 0.0119 | 0.0188 1.58 
120 84 0.0078 0.0133 1.68 








* This is based on the maximal amount of fructose-6-phosphate, namely 144 y 
per cc. of the reaction mixture, that can be formed at equilibrium when the mixture 
is 60 per cent glucose-6-phosphate-40 per cent fructose-6-phosphate. 
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% OF FRUCTOSE 
AS FRUCTOSE-6-PHOSPHATE 
08 §888S8s 








FORMED PER CC. IN 30 MIN. 


i i i i i 
Ke) 02 03 04 05 
CONCENTRATION OF SERUM- 
CC. PER CC. OF REACTION MIXTURE. 
Fic. 1. Reference curve for human serum phosphohexose isomerase. @, Serum 
1; X, Serum 2; A, Serum Pool 1; O, Serum Pool 2. See the text for details of the 
determinations. 





0.01 cc. The activity is expressed as units with the dimensions of cc.~. 
For example, the activity of Serum M. F. averaged 318 units and was 4.3 
times the activity, 74 units, of Serum B. M. (Table II). 
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It should also be possible to establish similar reference curves for other 
serum enzymes or for enzyme preparations made from cells or tissues. In 
the latter case, E,, the concentration of the particular reference enzyme 
necessary to produce a standard change in a stated time, would be expressed 
as the weight of protein per cc. of reaction mixture, and the activity of any 
preparation of this enzyme would be expressed in arbitrary units with the 
dimensions of y~' or mg.-'. Translation of arbitrary units into more ab- 
solute terms could be made when a highly purified or crystalline preparation 
of an enzyme became available, since the abscissas of the reference curve 
could then be expressed as weights of enzyme protein. 


TaB_e II 
Comparison of Enzyme Activities at Stages beyond Zero Order Portion of Reaction 


Concentration of glucose-6-phosphate, 0.002 m; of Michaelis acetate-diethy] bar- 
biturate buffer, 0.057 m; temperature, 37°; pH, 7.4 to 7.5; time of reaction, 30 minutes. 
































Observed change, S2, in Activity according to 
| substrate at Sesto ot ehicaie Equation 11 at 
Chen | at 0.04 cc. to 4 | Ratio of 
0.01 cc. | 0.04 cc. per cc. | “mes that at | 9.01 cc. per ce. | 0.04 cc. perce. |  2¢tivities 
P dh oil | reaction 0.01 cc. reaction reaction 
| mixture mixture mixture mixture 
oy 7 cco.) cot 
B. M. 19 65 0.86 74 74 1.00 
G. B. 22 73 0.83 85 85 1.00 
N.T. 87 0.81 105 111 1.06 
E.C. | | 89 0.74 | 18 | 7 | 0.99 
N.F. | 4 | 114 | 066 | = 182 iy. | 1.08 
M.F. | 67 | 1388 | 0.61 | 3100 | 825 | 1.05 





Experimental Confirmation of Equation 11—The phosphohexose isom- 
erase activity of each of a number of sera was determined at two con- 
centrations, 0.01 and 0.04 cc., per cc. of the reaction mixture. At the lower 
of these concentrations the amount of substrate changed was frequently 
within the zero order portion of the reaction, whereas the amount changed 
at 0.04 cc. was well beyond it. A few representative results are presented 
in Table II. The reaction is of zero order for substrate changes up to 
about 30 y of fructose formed as fructose-6-phosphate per cc. of the reac- 
tion mixture. At substrate changes greater than this, the time-change 
function departed from zero order, and the ratio of the change at 0.04 cc. 
to 4 times that at 0.01 cc. decreased below 1.00. The ratio became pro- 
gressively lower, the more active the serum, and hence the greater the 
changes in the substrate. 

In contrast, the ratio of the activities of a serum at these two concen- 
trations, expressed in accordance with Equation 11, was, within experi- 
mental error, 1.00, no matter at what stage of the reaction the change in 
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the substrate was measured. The use and confirmation of Equation 11 are 
in agreement with the general principle that enzyme activity is directly 
proportional to enzyme concentration when a proper measure of reaction 
yelocity is employed (1, 3, 7). 


DISCUSSION 


Three methods have been available for measuring and expressing the 
activity of an enzyme: (a) a reaction parameter which characterizes the 
entire course of the enzyme reaction; (b) the reciprocal of the time neces- 
sary to effect a given change in the substrate; (c) the amount of substrate 
changed in a stated time during the zero order portion of the reaction 
(1-3). The present paper submits a new method, the use of an equation 
by means of which the enzyme activity can be expressed in terms of the 
amount of substrate changed at any stage of the reaction. The relationship 
implicit in the formulation of this equation, namely the identity of the 
form of the time-change function with variation in concentration or source 
of enzyme, should be verified for any particular enzyme to which the pro- 
posed method is to be applied. This relationship has been shown in this 
work to hold for the phosphohexose isomerase activities of various sera. 
It has previously been demonstrated for other enzyme preparations such 
as invertase (8), urease (9), and various tissue phosphatases (1). 


SUMMARY 


An equation has been developed by means of which enzyme activity may 
be expressed in terms of the amount of substrate changed at any stage 
within or beyond the zero order portion of the reaction. This formulation 
is illustrated and confirmed by the comparison of the phosphohexose iso- 
merase activities of various sera, and its applicability in the comparison of 
the activities of other enzymes in biological fluids, tissue extracts, or under 
varying reaction conditions is indicated. This formulation also permits 
the use of low initial concentrations of substrates, an advantage when such 
materials are expensive or scarce. 
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STUDIES ON HISTAMINE-METABOLIZING ENZYMES 
IN INTACT ANIMALS. II 


By RICHARD W. SCHAYER,* JEAN KENNEDY, anv ROSA L. SMILEY 


(From the Rheumatic Fever Research Institute, Northwestern University 
Medical School, Chicago, Illinois) 


(Received for publication, April 24, 1953) 


In continuation of work previously reported (1, 2), we have extended 
in vivo studies of histamine-catabolizing enzymes. In all the species tested, 
rats, mice, guinea pigs, hamsters, and cats, we have observed three radio- 
active peaks in the urine after injection of radioactive histamine. These 
three peaks are readily reproducible by individual animals of any one 
species. Peak 1 is due to an unidentified substance; its formation can be 
repressed by diamine oxidase inhibitors. Peak 2 is also due to an uniden- 
tified substance; its formation can be repressed by Marsilid (1-isonicotinyl- 
2-isopropylhydrazine), but it is little affected by diamine oxidase inhibitors. 
Peak 3 is largely unchanged histamine but includes a small amount of 
acetylhistamine. 

The term “histaminase” was proposed by Best (3) for the enzyme which 
attacked histamine. Later, Zeller found that the enzyme which attacked 
histamine also attacked other diamines, and proposed the use of the term 
“diamine oxidase” (4). The nomenclature is confused, as both terms are 
now employed by workers in this field. Our work has shown that a major 
histamine-metabolizing enzyme other than diamine oxidase is found in 
most species tested. Therefore, until the nature of this second metabolic 
reaction of histamine is better understood, we propose that the name 
“histamine-metabolizing enzyme II’”’ be applied to the enzyme system 
which performs the first step in the metabolism of histamine toward the 
formation of the compound of Peak 2. 

We also report in vivo studies paralleling those customarily performed 
on enzymes in vitro. Using rats, in which diamine oxidase appears to 
be responsible for nearly all histamine metabolism, we have studied (a) 
the effect of concentration of histamine on its rate of metabolism and (b) 
the nature, competitive or non-competitive, of the inhibition of diamine 
oxidase. 

Using chromatographic techniques, we have made observations on the 
effects of hormones on histamine metabolism in mice. 

Finally, histidine decarboxylase, the only enzyme known to be involved 


* Supported in part by a contract with the United States Atomic Energy Com- 
mission. 
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in the formation of histamine, has been subjected to tests in vivo for effects 
of purported inhibitors and of cortisone. 


EXPERIMENTAL 


Isotopic Compounds—The synthesis of histamine and t-histidine labeled 
with C" in the 2 position of the imidazole ring has been published (5), 
Radioactive isonicotinic acid hydrazide (6) was generously supplied by 
Dr. Wright H. Langham of the Los Alamos Scientific Laboratory. 

Metabolism of Histamine in Cats—Since only rodents! had been studied 
with radioactive histamine, a carnivore was tried. Kittens, 3 to 4 weeks 
of age, weighing 320 to 400 gm., were injected subcutaneously with an 


1 2 3 











Fig. 1. Radioactivity on paper chromatograms of urine of immature cats, showing 
effects of inhibitors on the pattern of C'!-histamine metabolites. Abscissa, position 
on paper, each division = 10 cm.; ordinate, per cent of total counts per minute on 
paper, each division = 10 per cent. Chromatogram 1, no inhibitor; Chromatogram 
2,10 y of aminoguanidine per gm. of body weight; Chromatogram 3, 200 y of Mar- 
silid phosphate per gm. of body weight. 


inhibitor, and after 20 minutes were injected subcutaneously with about 
0.4 7 of C-histamine per gm. of body weight. Urine was collected for 
periods ranging from 2 to 5 hours and chromatograms were prepared. The 
results are shown in Fig. 1. 

Effect of Concentration of Histamine on Rate of Metabolism—A series of 
solutions was prepared, all containing the same amount of C'*-histamine, 
but varying in the amount of non-isotopic histamine. Rats (80 to 90 
gm., fasted 19 hours) were injected intravenously with 0.60 ml. of one of 
the various solutions. Each rat was killed exactly 5 minutes after in- 
jection and immediately frozen. Each carcass was homogenized with 80 
mg. of histamine (as the dihydrochloride) and this carrier histamine sub- 
sequently isolated and purified as the dipicrate, as previously described (7). 


1A chromatogram of the urine of a hamster injected subcutaneously with 0.1 7 
of C'4-histamine per gm. of body weight, expressed as per cent of total radioactivity 
on paper, showed Peak 1, 9 per cent; Peak 2, 46 per cent; Peak 3, 36 per cent. 
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All the samples were counted at infinite thickness and the radioactivity 
compared with that of the dipicrate prepared from the same amount of 
original solution added to the same amount of carrier. This procedure 
gives the per cent of originally injected histamine remaining unmetabolized 
after 5 minutes. If the concentration of histamine injected and the body 
weight of the animal are known, the rate of metabolism is readily com- 
puted. The effect of increasing concentrations of histamine on its rate of 
metabolism is shown in Table I. 

Nature of Inhibition by Isonicotinylhydrazine—We have shown pre- 
viously that isonicotinylhydrazine (Rimifon?) inhibits diamine oxidase in 
vivo (2). The following experiment was designed to test the competitive 
or non-competitive nature of this inhibition by determining whether in- 








TABLE I 
Effect of Concentration on Rate of Metabolism of Histamine in Rats 
Concentration of histamine Per cent histamine metabolized Rate of metabolism of histamine, 
injected, y per gm. in 5 min. y per min. per gm. 
0.26 62 0.03 
0.83 59 0.10 
2.3 44 0.20 
6.8 33 0.45 
11 34 0.75 
21 33 1.3 
39 21 1.6 
45 5.4 0.49 
70 0.0 0.0 











creased concentration of injected histamine could overcome the inhibition 
of its metabolism. 

A series of solutions was prepared in which the amounts of isonicotinyl- 
hydrazine and of non-isotopic histamine varied, but the concentration of 
C'-histamine was the same. 0.6 ml. of each solution was injected intra- 
venously into rats (80 to 90 gm., fasted 19 hours) which were killed after 
5 minutes and immediately frozen. Per cent of injected histamine re- 
maining in the carcass was determined as in the previous experiment. 
Subtraction of this value from 100 per cent gave the per cent of histamine 
metabolized in 5 minutes. Table II shows the effect of increasing his- 
tamine concentrations in overcoming the inhibition produced by iso- 
nicotinylhydrazine. 

Nature of Inhibition by Aminoguanidine—Schuler (8) has reported that 


2 Rimifon and Marsilid were kindly supplied by Dr. M. J. Schiffrin of Hoffmann- 
La Roche, Inc. 
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aminoguanidine is to date the most powerful inhibitor of hog kidney dia- 
mine oxidase. We have found it to be a powerful inhibitor in vivo; it is 
several times as active as isonicotinylhydrazine. To test whether the 
inhibition in vivo of diamine oxidase by aminoguanidine was competitive 
or non-competitive, the following procedure was used. Female white 
rats, averaging 90 gm., were injected subcutaneously with varying levels 
of aminoguanidine (Eastman Kodak Company aminoguanidine bicarbo- 
nate, dissolved in the theoretical amount of hydrochloric acid). After 
about 20 minutes, the rats were injected subcutaneously with radioactive 
histamine, also at varying levels. Urine was collected by squeezing the 
animals at about 30 minute intervals, then immediately frozen and stored 
at subzero temperature. Urine collection was continued for 4 hours, 
Chromatograms were prepared as usual (1, 2). Aminoguanidine, like 


TaB_e II 


Effect of Isonicotinylhydrazine on Per Cent Histamine Metabolized by Rats in & 
Minutes Following Intravenous Injection 





F 9 Concentration of histamine 
Concentration of isonico- 
tinylhydrazine, y per gm. 








0.26 y per gm. body weight| 2.3 y per gm. body weight! 6.8 y per gm. body weight 











—— 





0 62 44 | 33 
10 48 27 | 32 
20 28 24 28 
50 21 17 97 











other diamine oxidase inhibitors, has little effect on Peak 2. It does, 
however, diminish Peak 1 with a concomitant rise in Peak 3. Therefore, 
in order to reduce counting time, only Peaks 1 and 3 of the chromatograms 
were counted and the value, (counts per minute in Peak 1)/(counts per 
minute in Peaks 1 and 3) X 100, was determined. Injection of higher 
concentrations of histamine increases the per cent of histamine excreted 
in urine and hence increases the relative magnitude of Peak 3. Therefore, 
in order to establish a base from which comparisons could be readily made, 
the experimentally obtained values are expressed as per cent of the value 
obtained when no inhibitor is used (per cent of uninhibited value). The 
results are shown in Table III. 

Effect of Hormones on Histamine Metabolism—The interaction of hor- 
mones and histamine has been the subject of many investigations, which 
have been reviewed by Rose (9). Definite evidence has been presented 
to show that histamine-destroying power rises sharply during pregnancy 
(10, 11) and that adrenalectomy markedly reduces the tolerance of mice 
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TasB.e III 


Effect of Various Concentrations of Histamine on Inhibition of Histamine 
Metabolism by Aminoguanidine 


Expressed as per cent of the uninhibited value (see the text for an explanation). 





| . . . 
' | Concentration of histamine 
Concentration of amino 
guanidine, y per gm. jie 
} 








0.05 y per gm. 1.3 y per gm. 11 y per gm. 
0.0 100* | 100* | 100* 
0.1 | 90 | 
0.5 | 52 | 56 67 
2.0 60 41 57 
5.0 20 29 40 
10 | 6 | 7 | 24 








* Actual uninhibited values were 69, 68, and 42 per cent, respectively. 


TaBLe IV 
Effect of Hormones on Histamine Metabolism in Female Mice 


All the mice were injected subcutaneously with 0.2 y of C'*-histamine per gm. of 
body weight; those pretreated with hormones received histamine 1 hour after the 
final injection of hormone. 





Per cent total radioactivity on paper 








Peak 1 Peak 2 Peak 3 
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* The first mouse received 0.5 y of estradiol per gm. of body weight (in olive oil) 
at 4 p.m., 9 a.m., and 12 noon, the second at 9 a.m. and 12 noon only. 

+ The first mouse received 2.5 y of progesterone per gm. of body weight (in olive 
oil) at 9 a.m. and 12 noon, the second at 9 a.m. and 4 p.m. for 3 days, and at 9 a.m. 
of the 4th day. 

t All three mice received 25 y per gm. of cortisone at 9 a.m. and 4 p.m. for 3 days, 
and at 9 a.m. of the 4th day. 
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and rats to injected histamine (12). Some of the other published materia] 
on the relation of hormones to histamine requires further confirmation, 
In the present study, experiments were performed to test the effect of 
female sex hormones and adrenal hormones on histamine metabolism in 
female mice. Mice (Swiss albino) were pretreated as explained in Table 
IV. All were injected subcutaneously with 0.2 _ of C'-histamine per gm. of 
body weight, urine was collected for 4 hours, and chromatograms were 
prepared (2). Changes in relative magnitudes of the three radioactive 
peaks are used as criteria of disturbance of histamine metabolism. The 
results are shown in Table IV. 

Histidine Decarboxylase In Vivo—Since histamine is formed in the guinea 
pig from t-histidine but not from 1-carbon fragments (13), it seems likely 
that histidine decarboxylase is the only enzyme concerned with histamine 


TaBLE V 
Effect of Various Substances on Histidine Decarboxylase Activity in Intact Mice 


Expressed as counts per minute of histamine per million counts per minute of 
injected L-histidine (equivalent to per cent X 10‘). 








Average 
MNS Bo Pike i408 Tei ian 420 670 700 800 650 
NN foe orn a Sec of: 440 470 580 650 540 
3,4-Dihydroxychalcone........... 460 550 660 840 630 
I ce I ax. Sipe isa eh’ ¥ wees ayaree 320 360 660 83 540 




















formation. Martin et al. have found that d-catechin (14) and 3,4-di- 
hydroxychalcone’ are inhibitors of histidine decarboxylase in vitro. This 
group has also shown that repeated doses of d-catechin prevent anaphy- 
lactic shock in guinea pigs (15). The effect of these two compounds on 
histidine decarboxylase in mice has been tested. 

We had failed previously to find any effect of adrenalectomy on the 
rate of histamine destruction in mice (7). It was felt that a possible 
mechanism of the antiinflammatory action of cortisone might be in in- 
hibiting histidine decarboxylase, thus preventing the accumulation of 
bound histamine in the tissues. The effect of cortisone was also tested. 

Groups of four male mice (dba strain, Rockland Farms, 22 to 26 gm.) 
were injected subcutaneously with the test substance‘ at 9 a.m. and 4 p.m. 


3 Personal communication from Dr. G. J. Martin, who generously provided samples 
of both compounds. 

4 d-Catechin was dissolved in warm saline; boiling destroys this compound (16). 
Dihydroxychalcone was dissolved in olive oil. Cortone (Merck) was kindly sup- 
plied by Dr. I. Clark. 
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for 2 successive days, and at 9 a.m. on the 3rd day. 1 hour later all mice 
received 40 y of C'*-1-histidine (980,000 c.p.m. per mg.) per gm. of body 
weight subcutaneously. 30 hours after histidine administration, all the 
mice were killed, immediately frozen, and the C'*-histamine content of 
the entire carcass determined in the usual way (7, 13). The results are 
shown in Table V. 


DISCUSSION 


In Fig. 1, Chromatogram 1 shows that the urine of a normal cat after 
injection with C'-histamine contains the three usual peaks. However, 
Peak 1 is of negligible size while Peak 2 is the major metabolite. Chroma- 
togram 2 shows that aminoguanidine (at a concentration which almost 
completely stops diamine oxidase activity in rats) removes Peak 1 but has 
little inhibitory effect on Peak 2. Chromatogram 3 shows that Marsilid 
(at a concentration which produces marked reduction of Peak 2 in mice) 
largely suppresses Peak 2 in cats. 

Although in vitro studies show that cat tissues have diamine oxidase 
activity (17), it is apparent from these experiments that diamine oxidase 
has little function in the physiological metabolism of histamine in cats. 
A revision of the nomenclature of histamine-metabolizing enzymes becomes 
necessary to differentiate diamine oxidase, which leads to the formation 
of the compound of Peak 1, from histamine-metabolizing enzyme II, 
which leads to the formation of the compound of Peak 2. 

Through the use of the inhibitors aminoguanidine and Marsilid, it is 
possible to suppress histamine catabolism almost completely. Informa- 
tion on the relative importance of diamine oxidase and histamine-metabo- 
lizing enzyme II in humans may be obtainable by measuring the effects 
of these two compounds individually on the concentration of urinary 
histamine, either under normal conditions or after injection of non-isotopic 
histamine. 

Table I shows that, when low levels of histamine are injected into rats, 
the rate of metabolism is roughly proportional to the concentration. As 
the concentration of the injected histamine is increased, a maximum is 
reached, after which the rate of metabolism decreases. When histamine 


5 The demonstration that at sufficiently high concentrations histamine inhibits 
diamine oxidase may offer a clue to the discrepancy between the findings of the au- 
thors (7) and of Rose and Browne (18). The latter found that adrenalectomized, 
hooded rats destroyed histamine much more slowly than did normal animals. 
The high concentration they injected, 24 y per gm., may have been very close to 
“saturation” for the histamine-metabolizing enzymes in the strain of rats employed. 
A small change in histamine-metabolizing power caused by adrenalectomy might 
produce an inhibitory concentration of histamine and initiate a precipitous drop in 
the rate of histamine destruction. We have found no significant effect of adrenal- 
ectomy in mice given minute doses of histamine. 
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is injected at a level of 70 y per gm. of body weight, it can all be recovered 
unchanged from the body of the animal after 5 minutes. Thus, at this 
concentration, diamine oxidase is completely inhibited by its substrate, 
The data of Table I produce a curve very similar to one obtained by Zeller 
(19) relating the concentration of histamine to its rate of metabolism by 
diamine oxidase in vitro. In a separate experiment, a rat injected with 
this totally inhibitory concentration of histamine (70 y per gm.) showed 
after 3 minutes a concentration of 72 y per gm. in the intestine and 290 
per gm. in the liver. Since these two organs (particularly the intestine) 
are the most active in histamine metabolism in the rat (20, 2) the above 
values are approximately the concentrations of substrate required at the 
site of the enzyme to produce complete inhibition. 

From the maximal rate of metabolism observed, 1.6 y per minute per 
gm., one can establish an approximate maximal rate of metabolism in the 
active organs. The above value is equal to 160 y per minute per 100 gm. 
rat. As the metabolism occurs chiefly in the intestine and liver (which 
together weigh about 8 gm. in a 100 gm. rat), the maximal rate of destruc- 
tion of histamine in these active organs is about 20 y per minute per gm. 
(probably being somewhat higher in the intestine and lower in the liver). 
This may be compared with the value of about 7 y per minute per gm. 
observed by Best and McHenry in perfused dog kidney (21). 

Table II shows that, although isonicotinylhydrazine produces marked 
inhibition in the metabolism of low concentrations of injected histamine, 
if the level of injected histamine is increased, the effects of the inhibitor 
are almost completely overcome. Thus, the inhibition is competitive in 
nature. Studies have also been made to determine the concentration of 
isonicotinylhydrazine required in the active organs to produce inhibition. 
When rats are injected subcutaneously with 100 y of C"*-isonicotinyl- 
hydrazine per gm. of body weight (which we have shown to inhibit diamine 
oxidase completely (2)), the concentration after 20 minutes (determined as 
total C™) in the intestine is 110 y per gm., and in the liver 130 y per gm. 
When 50 y per gm. are injected (which causes marked but not complete 
inhibition), the values are 56 and 60 y per gm. respectively. These may be 
compared with about 70 y per ml. required for 50 per cent inhibition of 
hog kidney diamine oxidase in vitro (22). Thus the concentrations re- 
quired for inhibition in vivo and in vitro are of closely comparable magni- 
tude. 

Table III shows the pronounced inhibitory effect on histamine metabo- 
lism of aminoguanidine, even when given in very small quantities. In- 
creasing the histamine concentration from 0.05 to 1.3 y per gm. had little 
effect on this inhibition; however, at a level of 11 y of histamine per gm. of 
body weight, the inhibitory effect of aminoguanidine is modified but by 
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The data suggest that the aminoguanidine-diamine oxidase complex 
is highly stable and not so readily dissociated by histamine as is the iso- 
nicotinylhydrazine-diamine oxidase complex. Chromatographic evidence 
previously published (2) shows that, under the same conditions as employed 
in this experiment, a concentration of between 50 and 100 y per gm. of 
isonicotinylhydrazine is required to produce the same inhibition as given 
by 10 y per gm. of aminoguanidine. 

Table IV shows that pregnancy, adrenalectomy, and treatment with 
progesterone or estradiol do not materially change the pattern of the 
urinary metabolites of histamine in mice. However, cortisone produces 
a marked increase in the relative magnitude of Peak 3 with respect to 
Peaks land2. This increase in unmetabolized histamine cannot definitely 
be attributed to inhibition of either of the histamine-metabolizing enzymes, 
for the relative sizes of Peaks 1 and 2 with respect to each other are not 
much changed. It is likely that the cortisone influences histamine metabo- 
lism by a mechanism other than inhibition of these metabolic enzymes. 
Table V affords no evidence of significant inhibition of histidine de- 
carboxylase in mice by cortisone, d-catechin, or 3 ,4-dihydroxychalcone. 
As the number of animals used was limited by the high requirement of 
C"-L-histidine, the experiment is designed only to show pronounced effects. 
The finding of C'-histamine in the carcasses 30 hours after injection of 
C“-1-histidine shows that the mouse, like the guinea pig, binds some 
endogenous histamine in stable condition. 


SUMMARY 


1. Use of inhibitors in vivo shows that, in all the species tested, there 
are two histamine-metabolizing enzymes. One is diamine oxidase; the 
other is unknown. It is proposed that the name “histamine-metabolizing 
enzyme II” be applied to the latter until its nature is better understood. 

2. In vivo studies, paralleling those customarily performed on enzymes 
in vitro, are reported. They deal with the effect of concentration of his- 
tamine on its rate of metabolism, and with the nature of the inhibition 
produced by diamine oxidase inhibitors. 

3. Effects of certain hormones on the metabolism of histamine in mice 
were tested; cortisone produces an alteration of histamine metabolism 
which is described. 

4. No inhibition of histidine decarboxylase in intact mice was observed 
after treatment with either cortisone or with two in vitro inhibitors. 
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INCORPORATION OF 2,6-DIAMINOPURINE INTO THE 
Med., & NUCLEOSIDE PHOSPHATES OF THE MOUSE* 


By GLYNN P. WHEELER anp HOWARD E. SKIPPER 


(From the Biochemistry Division, Southern Research Institute,t 
Birmingham, Alabama) 


(Received for publication, June 11, 1953) 


1, 177 lt has been shown (a) that the inhibition of Lactobacillus casei by high 
-w» | concentrations of 2 ,6-diaminopurine (2 ,6-DAP) in a folic acid-containing 
... | ndium is reversible only by adenine, while in a thymine-containing medium 

8, 580 auenine is more effective than other purines in restoring growth (1), (6) 

that 2,6-DAP is extensively utilized as a precursor of both polynucleotide 

adenine and polynucleotide guanine by L. casei (2), (c) that an L. casei mu- 
tant can utilize 2,6-DAP riboside as the sole purine source while the wild 
strain cannot (3, 4), and (d) that 2,6-DAP is incorporated into the pen- 
tose nucleic acid (PNA) guanine of the rat (5). On the basis of these 
eS | findings it was suggested that the inhibitory activity of 2,6-DAP is prob- 
ably due to competition with adenine for incorporation into some specific 
adenine-containing product, such as adenosinetriphosphate (ATP) or cer- 
tain coenzymes, rather than to an interference with PNA synthesis or 
purine interconversion. The fact that Kornberg and Pricer demonstrated 

(6) that 2,6-DAP riboside can be enzymatically phosphorylated and can 

be converted to 2-aminoadenosinetriphosphate lends support to this sug- 

gestion. 

As part of a program to investigate the mechanisms of action of certain 
known anti-cancer agents, the trichloroacetic acid-extractable nucleoside 
phosphates of mice which had received injections of radioactive 2 ,6-DAP 
were examined in an effort to see whether this purine as such can be in- 
corporated into nucleotides. 


Methods and Results 


Each of four male Swiss mice was given five intraperitoneal injections 
of 2,6-diaminopurine-2-C" sulfate monohydrate at a level of 37.5 mg. per 
kilo per injection in the course of 24 days, and the mice were sacrificed 4 
hours after the last injection. The activity of the injected material was 
15.6 wc. per mg. On this schedule a 25 gm. mouse would receive a total 





* The work described in this report was supported by a grant from the American 
| Cancer Society, on recommendation of the Committee on Growth of the National 
Research Council. 
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of 73 ye. of radioactivity. The whole animals, minus tails, skins, hair, 
and feet, were pooled, and trichloroacetic acid-extractable nucleoside phos- 
phates were isolated by the method described by LePage (7) for the isola- 
tion of ATP, except that the final precipitation as the barium salt was 
not performed. The solution containing the nucleoside phosphates as the 
sodium salts was subjected to freeze-drying, and the residue thus obtained 
was used in these experiments. Examination with a laboratory monitor 
showed this residue to be radioactive. 

In an effort to determine whether the radioactivity of the residue was 
due to free 2,6-DAP which might have been carried along during the iso- 
lation, a sample of the residue was subjected to one-dimensional chroma- 
tography with one of the ammonium citrate-isopropanol-tetrahydrofurfury] 





D D-R ATP —s_ ATP A 
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Fia. 1. Chromatogram-radioautogram of isolated ATP fraction and certain 
known compounds. D, 2,6-diaminopurine; D-R, 2,6-diaminopurine riboside; ATP, 
isolated ATP fraction; ATP (comm.), commercial ATP; A, adenine. 











alcohol solvent systems of Carpenter (8). The resulting chromatogram is 
shown in Fig. 1. 

& Figs. 1, 4, and 6 represent composites of chromatograms and radioauto- 
grams. The circled spots indicate regions which absorbed ultraviolet 
light when the paper was scanned with a Mineralight, and the dark spots 
indicate the positions of radioactive materials. 

Fig. 1 indicates the absence of free 2,6-DAP and of 2,6-DAP riboside,! 
but it will be noted that there is considerable activity in the region where 
one would expect to find riboside phosphates. 

Another portion (50 mg.) of the residue was digested with 50 per cent 
aqueous pyridine (0.6 ml.) at 90-95° for 72 hours. This treatment was 
chosen because Bredereck and coworkers showed (9) that the hydrolysis of 


1 The 2,6-DAP riboside used throughout the study was synthetic material which 
was kindly furnished by Dr. G. B. Brown of the Sloan-Kettering Institute. 
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yeast nucleic acid under these conditions yields nucleosides. This hydroly- 
sate was then used for chromatography. 
It was found that satisfactory resolution of a mixture of nucleosides 
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Fic. 2 Fig. 3 


Fic. 2. Chromatogram of a synthetic mixture of ribosides. A-R, adenosine; 
D-R, 2,6-diaminopurine riboside; U-R, uridine; C-R, cytidine; G-R, guanosine. 

Fic. 3. Chromatogram of a synthetic mixture of 2,6-diaminopurine and 2,6-di- 
aminopurine riboside. 
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Fic. 4. Chromatogram-radioautogram of a mixture of 2,6-diaminopurine and a 
pyridine hydrolysate of isolated ATP fraction. 


was accomplished by means of two-dimensional chromatography with the 
urea-butanol and the disodium phosphate-isoamy] alcohol systems of Car- 
ter (10), as shown in Fig. 2. It was also found that this technique ac- 
complished the resolution of a mixture of 2,6-DAP and 2,6-DAP riboside, 
as shown in Fig. 3. 
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Because of the proximity of the spots for 2,6-DAP and 2 ,6-DAP riboside 
and because of the possible lack of reproducibility of Rr values in duplicate 
experiments, it was considered desirable to have both materials present 
on the chromatogram of the pyridine hydrolysate and then to determine 
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Fig. 5. Sectioning of spot in preparation for rechromatographing 2,6-diamino- 
purine and 2,6-diaminopurine riboside. 
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Fig. 6. Chromatogram-radioautogram of the eluates of the sections (1, 2, and 3) 
of Fig. 5 and of 2,6-diaminopurine and 2,6-diaminopurine riboside. 


the presence or absence of radioactive material in each spot. Hence, a 
solution of non-radioactive 2,6-DAP was placed at the origin of the next 
chromatogram and, after this had dried, a portion of the pyridine hydroly- 
sate was placed on the same spot. By use of two-dimensional chromatog- 
raphy as described above, the chromatogram shown in Fig. 4 was obtained. 

By means of chromatograms of known compounds and of mixtures of 
known composition, the compounds were identified as shown. One might 
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speculate that the larger shadowy area is the locus of 2,6-DAP riboside 
phosphates and the unlabeled encircled area is probably the locus of ade- 
nosinephosphates, but no efforts were made to identify the materials posi- 
tively. It is noted that the preponderant portion of the radioactivity is at 
the position of 2,6-DAP riboside. On the original radicautogram a faint 
spot was visible at the position of 2,6-DAP. Evidently a considerable 
amount of the 2,6-DAP was converted into the riboside, because the ribo- 
side could be detected in the absence of carrier material by scanning the 
chromatogram with ultraviolet light. Although it appeared rather evi- 
dent that the highly active material was the riboside, it was desirable 
to establish its identity further. Therefore this active area was cut from 
the chromatogram and treated as follows: 

The paper was cut into three pieces as shown in Fig. 5. To Section 1 
was added a solution containing 3 y of 2,6-DAP, to Section 2 nothing was 
added, and to Section 3 was added a solution containing 3 y of 2,6-DAP 
riboside. Each section was then eluted by draping it across a microscope 
slide in such a way that the square end of the strip was immersed in N 
ammonium hydroxide and that advantage could be taken of capillary and 
siphoning action. The eluate was transferred to the origin of the new 
chromatogram by repeatedly touching the point of the section to the origin. 
One-dimensional chromatography with the disodium phosphate-isoamyl 
alcohol system yielded the chromatogram shown in Fig. 6. 

The results are those expected for the riboside. It is felt that this rather 
conclusively establishes the identity of the compound as the riboside. 
These findings possibly shed some light upon the mechanism of action of 
this compound and lay open the possibility that it also competes with 
adenine for incorporation into other nucleotides and coenzymes. 


SUMMARY 


When 2,6-DAP is injected intraperitoneally into the mouse, a portion 
of the material is converted into a substance, probably a nucleoside phos- 
phate, which can be isolated along with ATP and which upon subsequent 
hydrolysis with 50 per cent aqueous pyridine yields 2 ,6-DAP riboside. 


The authors gratefully acknowledge the assistance of Miss Martelia Bell, 
Miss Ann D. Mellen, and Mrs. Jeanenne 8. Morrow in performing the 
experimental work and in preparing the manuscript. 
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The degradation of pyruvate, in the presence of phosphate, to acetate, 
carbon dioxide, and hydrogen by cell-free extracts of Clostridium butylicum 
was described by Koepsell and Johnson (1). Later acetyl phosphate, the 
labile precursor of the acetate, was shown to be produced (2, 3), and phos- 
photransacetylase was shown to be present in the cell-free extracts (4). 
This reaction is, at least, superficially similar to the phosphoroclastic re- 
action of Escherichia (5) which produces acetyl phosphate and formate 
from pyruvate and phosphate. However, the Clostridium enzyme does 
not produce hydrogen and carbon dioxide from formate (1), nor does 
labeled formate exchange with pyruvate, although carbon dioxide readily 
does (6). 

Little is known of the details of the reaction, and this study was under- 
taken in an attempt to relate this reaction to the other acetate-producing 
reactions of pyruvate. Evidence is presented that cocarboxylase (CoC), 
coenzyme A (CoA), and ferrous ions participate in the reaction, but that 
the pyruvate oxidation factor (POF) does not. A brief report of some 
of these results has appeared (7). 


EXPERIMENTAL 


Cell-Free Extract Preparation—Clostridium butyricum (an organism simi- 
lar to C’. butylicum), strain 6014 of the American Type Culture Collection, 
was grown in broth consisting of 1 per cent tryptone, 1 per cent yeast ex- 
tract, 1 per cent glucose, and 0.2 per cent K,HPO,. 5 liter batches were 
inoculated with 20 ml. of an actively gassing culture and were harvested 
after 12 hours at 37°. A lyophilized cell-free extract was prepared by 
the method of Koepsell and Johnson (1) and stored at —17° in stoppered 
test-tubes. 

Measurement of Reaction—Standard manometric techniques were used 
for the determination of carbon dioxide and hydrogen, and acetyl phos- 

* Aided in part by grants from Eli Lilly and Company and the National Science 
Foundation. 

¢ Part of this work was done during the tenure of a Philadelphia Lager Beer 
Brewers’ Association Fellowship. 
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phate was determined colorimetrically by the hydroxamic acid method of 
Lipmann and Tuttle (8). 

The reduction of 2 ,2-(p-diphenylene)bis(3 ,5-diphenyltetrazolium chlo- 
ride), neotetrazolium, by the reaction mixture was found to be a con- 
venient method of following the reaction. The rate of formation of the 
soluble reduced form of the salt was followed at 540 my in a Beckman DU 
spectrophotometer. Before addition of the enzyme solution to the re- 
action mixture hydrogen was bubbled from a 1 mm. capillary through the 
contents of each cuvette for 2 minutes. The enzyme solution was then 
added and mixed by bubbling hydrogen for 10 to 15 seconds. The cuvette 
cap was replaced as the capillary was withdrawn to prevent escape of 
gas, and optical density was determined at appropriate intervals. For 
each experiment the amount of enzyme was adjusted to give a convenient 
rate. The change in optical density on the reduction of 100 y of neotetra- 
zolium in a volume of 3.2 ml. by hydrosulfite was 1.06. This corresponds 
to 6.6 ul. of H:; hence the sensitivity of the method is apparent. The 
activity of the enzyme system varied greatly, depending on the type and 
length of treatments before addition to the cuvette. 

Materials—The special chemicals used were from the following sources: 
CoA, 75 per cent pure, from the Pabst Laboratories, CoC from Merck 
and Company, diphosphopyridine nucleotide, 60 per cent pure, from the 
Schwarz Laboratories, triphosphopyridine nucleotide, 80 per cent pure, 
from the Sigma Chemical Company, neotetrazolium from the Dajac Labo- 
ratories, 2,3,5-triphenyltetrazolium chloride from the Paul-Lewis Labo- 
ratories, and riboflavin-5-phosphate from the Krischell Laboratories. We 
are indebted to Dr. H. G. Paul and Dr. R. Asnis for generous gifts of the 
nitrofurans, to Dr. I. C. Gunsalus for flavin-adenine dinucleotide, and to 
The Dow Chemical Company for 50 to 100 mesh Dowex 1. 

Stability—The lyophilized cell-free extract, although stable in powder 
form under a vacuum or refrigeration, was found to be extremely labile in 
solution. When solutions of the preparation (10 mg. per ml. in 0.033 m 
phosphate, pH 6.5) were allowed to stand exposed to air in an ice bath, 
only 5 to 25 per cent of the original activity remained after 3 hours. If 
the air was replaced with an atmosphere of hydrogen or nitrogen, approxi- 
mately 60 per cent of the activity remained. This significant loss of ac- 
tivity in the cold and in the absence of oxygen was not prevented by ad- 
dition of either cysteine, thioglycolate, or sulfide, but up to 80 per cent of 
the activity could be preserved for 3 hours by potassium ascorbate or 
ferrous sulfate in a concentration of 1 mg. per ml. The addition of potas- 
sium ascorbate during the preparation of cell-free extracts yielded extracts 
more active (Qu, 70 to 80) than those prepared without potassium ascor- 
bate (Qu, 40 to 50). The addition of ferrous sulfate to extracts prepared 
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without reducing agents doubled the reaction rate, whereas extracts pre- 
pared with ascorbate did not exhibit%this stimulation. 

Hydrogen Acceptors—In order to simplify the reaction a search was made 
for hydrogen acceptors which would by-pass the mechanism of molecular 
hydrogen formation and yet allow production of carbon dioxide and acetyl 
phosphate. The compounds were tested by observing whether they were 
reduced by the reaction mixture. The substances which were tested are 
listed in Table I. The active compounds prevented the evolution of 
molecular hydrogen as long as the oxidized form of the compound was 
present. This relation for 5-nitro-2-furaldehyde semicarbazone (Furacin) 
is illustrated in Fig. 1 and indicates that when the oxidized form has been 
reduced molecular hydrogen production proceeds at a rate similar to that 











TaBLeE I 
Compounds Tested As Hydrogen Acceptors in Phosphoroclastic Reaction 
Inactive Active 

Fumarate 5-Nitro-2-furaldehyde semicarbazone (Furacin) 

Nitrate 5-Nitro-2-furaldehyde-2-(2-hydroxyethyl) semi- 
carbazone (Furadroxyl) 

Sulfite 2,3,5-Triphenyltetrazolium chloride 

Thiosulfate 2,2-(p-Diphenylene)bis(3,5-diphenyltetrazolium 
chloride) (neotetrazolium) 

Formaldehyde Riboflavin 

Hydroxylamine Riboflavin-5-phosphate 

Diphosphopyridine nucleotide Flavin-adenine dinucleotide 

Triphosphopyridine . Methylene blue (very slowly) 





in the control flask. Therefore, the reduced compound has no inhibitory 
effect on the rate of the reaction. 

The products of the reaction in the presence of Furacin or tetrazolium 
salts were determined, and the data are presented in Table II. Although 
no manometer change occurs when hydrogen is diverted to the acceptor 
and CO, is absorbed by KOH, the expected amount of acetyl phosphate is 
formed. Furacin was found to be ideal for use in such measurements. 
The low solubility of the oxidized form allowed an excess of the solid to be 
added to the flasks, and neither the oxidized nor reduced form interfered 
with determinations of acetyl phosphate. To measure the formation of 
acetyl phosphate in the presence of tetrazolium salts, 2,3 ,5-triphenyl- 
tetrazolium chloride was chosen because the reduced form, which would 
interfere at 540 mu, was removed with the protein precipitate in the acetyl 
phosphate determination. 

The addition of hydrogen acceptors sometimes stimulated the rate of 
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the reaction. In the experiment in Table II the addition of Furacin pro- 
duced almost a 3-fold increase in acetyl phosphate and carbon dioxide, 
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MINUTES 
Fia. 1. Effect of varying amounts of Furacin on the reaction as measured by hy- 
drogen production. Each cup contained 0.033 m phosphate buffer, pH 6.5, 10 mg. of 
enzyme preparation No. 9, and 100 um of pyruvate; final volume 3.0 ml. and KOH 
in center well. Incubated at 37° in a nitrogen atmosphere. Furacin was added in 
solution and evaporated to dryness at 60° prior to other additions. 

















TaBLeE II 
Reaction Products Detected in Presence or Absence of Hydrogen Acceptors 
Products 
He COz Acetyl PO. 
uM uM uM F 
Preparation RR pig aoe Oeste el ee See 4.0 4.1 4.9 
** 10 + excess Furacin ............... 0.0 12.8 13.0 
ni set a - KOH in center 
gnats 5 cae ocd as werd eek heaenxceneede een 0.0 0.0 12.7 
Preparation No. 16, KOH in center well............. 10.3 0.0 10.8 
- * 16+ 9 um 2,3,5- triphenyltetrazolium 
chloride, KOH in center well...................... | te 0.0 11.4 








Each flask contained 101 mg. . of enzyme preparation, 0.033 m PO,, pH 6.5, 100 um 
of pyruvate, and hydrogen acceptor when added; total volume per flask 3.2 ml. 
Furacin was added as the solid to appropriate flasks. 


The magnitude of the stimulation depends on the method of preparation 
of the enzyme solution. Solutions prepared with ascorbate and protected 
from oxidation show little or no stimulation, as in the tetrazolium experi- 
ment in Table II. However, solutions which have been exposed to air 
in the absence of reducing agents may show as great as a 10-fold stimula- 
tion. This suggests that the mechanism which produces molecular hy- 
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drogen is the most labile to oxidation, since its replacement restores activity 
to partially inactivated preparations. 

The reduced forms of the flavins, riboflavin, riboflavin-5-phosphate 
(FMN), and flavin-adenine dinucleotide (FAD), are readily oxidized by 
air. This made possible the use of oxygen as the ultimate hydrogen ac- 
ceptor. The reaction rate in the presence of 300 y of FMN was rapid (75 
ul. of O, uptake per 10 mg. of enzyme per 10 minutes) but fell off com- 
pletely after 10 minutes. The addition of 3 mg. of potassium ascorbate 
and 1 mg. of ferrous sulfate to the flask permitted oxygen uptake at a 
constant rate for at least 30 minutes. The P:O ratio ((moles of acetyl 
phosphate produced)/(atoms of oxygen used)) in a typical experiment 
was 0.95, which indicates that the oxidation of FMN produces water not 
hydrogen peroxide. In support of this conclusion, no peroxide could be 
detected by the sensitive test of Main and Shinn (9), nor was the oxygen 
uptake diminished by the addition of catalase. Anaerobically the enzyme 
will oxidize reduced FMN, but no hydrogen is produced. This seems to 
be caused by hydrogen acceptors present in the enzyme solution. 

No change in optical density at 340 my was observed during the course 
of the reaction whether in the presence or in the absence of diphospho- 
pyridine or triphosphopyridine nucleotide. The reduced nucleotides were 
oxidized by the enzyme preparation, but no hydrogen was evolved. The 
failure of the enzyme system to produce lactate from pyruvate in the 
presence of diphosphopyridine nucleotide and lactic dehydrogenase pro- 
vides further evidence that diphosphopyridine nucleotide is not reduced. 

Hydrogen uptake could not be demonstrated when the hydrogen ac- 
ceptors were incubated with enzyme and buffer in an atmosphere of hy- 
drogen. This confirms and extends the observation of Koepsell and John- 
son (1), who observed no hydrogen uptake in the presence of methylene 
blue, a relatively poor hydrogen acceptor in the forward reaction. Never- 
theless, as first observed by Lipmann and Tuttle (3), a hydrogen atmos- 
phere inhibits the forward reaction about 40 per cent. 

Cocarborylase Requirement—The dependence of this phosphoroclastic re- 
action on CoC was revealed by alkaline ammonium sulfate precipitation at 
4°. The solution to be precipitated contained 10 mg. of powdered extract, 
1 mg. of ferrous sulfate, 1 mg. of potassium ascorbate, and 0.5 ml. of 0.2 
mM K2HPO, per ml. To this solution in an ice bath was added saturated 
ammonium sulfate at pH 8.0 to 0.8 saturation. The precipitate was 
removed by centrifugation and dissolved in water to which had been added 
ascorbate and ferrous iron in the above concentration. The resulting 
enzyme solution was used directly without dialysis and was found to re- 
duce tetrazolium upon the addition of CoC. These data are shown in 
Fig. 2 and indicate the low levels of CoC which are necessary for maximal 
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rate. Even in the presence of the added reducing agents it has not been 
possible to fractionate this enzyme system beyond a few crude precipi- 
tations. 

Coenzyme A Requirement—Koepsell and Johnson (1) noted a stimula- 
tion of the reaction by fresh liver extract. In our hands this stimulation 
is reproduced by the addition of CoA. In order to demonstrate this 
requirement more specifically, the enzyme system was separated into two 
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Fia. 2. Effect of varying amounts of cocarboxylase on the rate of the reaction as 
measured by tetrazolium reduction. Each cuvette contained, in a total volume of 
3.2 ml., 0.1 m arsenate buffer, pH 6.5, 100 um of pyruvate, 200 y of neotetrazolium chlo- 
ride, 300 y of potassium ascorbate, treated enzyme preparation, cocarboxylase as 
indicated, and was incubated at 25° in a hydrogen atmosphere. 

Fic. 3. Dependence of the reaction on coenzyme A in the presence of limiting 
phosphotransacetylase and absence of arsenate or phosphate. Each cuvette con- 
tained 200 y of neotetrazolium, 100 um of pyruvate, 20 y of cocarboxylase, 300 y of 
potassium ascorbate, and the supernatant liquid from acid precipitation of the en- 
zyme, in a total volume of3.2 ml., and was incubated at 25°. ©,0.1M arsenate buffer, 
pH 6.5, and 0.8 um of CoA; O, 0.1 m Tris, pH 6.5, and 1.6 um of CoA; @, 0.1 m Tris, 
pH 6.5. 


parts by acid precipitation in the cold. To a solution containing 10 mg. 
of powdered extract, 1 mg. of potassium ascorbate, and 1 mg. of ferrous 
sulfate per ml., 0.1 N acetate buffer at pH 4.0 was added dropwise until no 
further precipitation occurred. The precipitate was suspended in water 
to the original volume. Both precipitate and supernatant liquid were 
required in order to reduce tetrazolium rapidly. The precipitate contained 
most of the phosphotransacetylase as tested by the arsenolysis method of 
Stadtman and Barker (10). The slow rate of reduction caused by the 
supernatant liquid in tris(hydroxymethyl)aminomethane buffer (Tris) is 
shown in Fig. 3. The addition of CoA in fairly large amounts permits a 
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more rapid reaction, but a very rapid reaction occurs when arsenate and 
smaller amounts of CoA are added. These data suggest that acetyl CoA 
is formed and accumulates in the absence of phosphate, or is converted to 
CoA and acetate by the action of arsenate and the small amount of phos- 
photransacetylase present in the supernatant solution. 

Iron Requirement—Since Dowex treatment of the enzyme preparation 
by the method of Stadtman e¢ al. (4) resulted in loss of activity which 
could not be restored by addition of CoA, a search was made for other co- 
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Fia. 4. Effect of coenzyme A and ferrous ions on the rate of the reaction after 
Dowex treatment of the enzyme preparation. Each cuvette contained, in a total 
volume of 3.2 ml., 0.033 m phosphate buffer, pH 6.5, 100 um of pyruvate, 20 y of co- 
carboxylase, 200 7 of neotetrazolium, 20 units of CoA (when added), Dowex-treated 
enzyme preparation, 50 7 of ferrous ions (when added), and was incubated at 25°. 


powdered extract dissolved in water (10 mg. per ml.) gave a definite test 
for iron with 2,2’-bipyridine. After an 8 to 15 minute treatment of the 
enzyme solution with # volume of Dowex in an ice bath, no color with 
bipyridyl was apparent. The addition of both CoA and ferrous ions to 
the Dowex-treated extract restored activity. Data from a typical ex- 
periment (Fig. 4) show that the short Dowex treatment removes iron more 
efficiently than CoA. Of the other divalent metals tested only cobaltous 
ions were found to have any stimulatory action when added to the Dowex- 
treated extract. These data are presented in Fig. 5 and indicate that 
manganous, nickelous, zinc, and magnesium ions do not stimulate the 
reaction. Ferric ions similarly had no stimulatory effect on the treated 
extract. This metallic ion requirement is the same as that reported for 
the aldolase of Clostridium perfringens (11). The relation of the con- 
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centration of ferrous ions to the reaction rate is illustrated in Fig. 6. Rate 
studies with concentrations of ferrous sulfate beyond 0.17 um per ml. of 
system were not performed because of the heavy precipitate formed with 
phosphate in the reaction mixture. 

It is well known that saccharolytic members of the genus Clostridium 
produce chiefly lactic acid in an iron-deficient medium, instead of the usual 
mixture of hydrogen, COs, solvents, and acetic, lactic, and butyric acids 
(12, 13). Apparently, in iron deficiency, the pyruvate produced by glu- 
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Fia. 5. Effect of divalent metals on the rate of the reaction after Dowex treatment 
of the enzyme preparation. Each cuvette contained, in a total volume of 3.2 ml., 
0.033 m phosphate buffer, 100 um of pyruvate, 300 y of potassium ascorbate, 20 y 
of cocarboxylase, 200 y of neotetrazolium, 20 units of CoA, Dowex-treated enzyme 
preparation, and 1 uM of divalent metal salts as indicated, and was incubated at 25°. 














colysis is reduced to lactate, since it cannot be removed by the phosphoro- 
clastic reaction. 

Pyruvate Oxidation Factor—Cells grown in a medium deficient in POF 
similar to that of O’Kane and Gunsalus (14) carry out the phosphoroclastic 
reaction at a rate comparable to that exhibited by cells grown in natural 
media. Assays for the POF by the growth method of Lytle and O’Kane 
(15) and by the manometric assay of Gunsalus et al. (16) on hot water 
extracts and acid hydrolysates of active enzyme preparations prepared 
from cells grown in deficient media yield uniformly low results. For 
example, a preparation with a Qx, of 89 was prepared for assay by heating 
at 120° for 1 hour in 2N H,SO,. A manometric assay of the hydrolysate, 
with dl-a-lipoic acid as a standard (1 unit equals approximately 4 myugm. 
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of dl-a-lipoic acid), showed the presence of less than 0.05 unit of POF 
per mg. of enzyme. Assays have been done on several different prepara- 
tions and have been confirmed by analysis in another laboratory.!_ This 
low content of pyruvate oxidation factor activity contrasts to the high 
level found in animal pyruvic oxidase (212 to 1180 protogen units per mg. 
of protein) (17) and a-ketoglutarate oxidase (170 units per mg. of protein) 
(18), and to the high amount required by Streptococcus faecalis for normal 
pyruvate oxidation (about 1 unit per mg. of dried cells) (16). 
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Fia. 6. Relation of the concentration of ferrous ions to the rate of the reaction. 
Each cuvette contained, in a total volume of 3.2 ml., 0.033 m phosphate buffer, 100 
uM of pyruvate, 300 y of potassium ascorbate, 10 units of CoA, 20 y of cocarboxylase, 
Dowex-treated enzyme preparation, and ferrous ions as ferrous sulfate, and was 
incubated at 25°. 


Inhibitors—Arsenite, a potent inhibitor of the Streptococcus pyruvate 
oxidase (19), inhibits the phosphoroclastic reaction only 6 per cent at 
0.01 m. In contrast to the phosphoroclastic reaction of Escherichia (20), 
200 y per ml. of streptomycin sulfate do not inhibit the Clostridium phos- 
phoroclastic reaction. 


DISCUSSION 


The requirement for cocarboxylase, coenzyme A, and divalent metal 
suggests that the phosphoroclastic reaction is similar to the oxidative de- 
1 We are indebted to V. L. Lytle and H. D. Barner of this laboratory for many of 


the assays and to W. Razzell and Dr. I. C. Gunsalus of the University of Illinois for 
the assay cited. 
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carboxylation of pyruvate, as found in S. faecalis and E. coli (21), since 
these reactions, in addition to having acetyl phosphate and carbon dioxide 
as end-products, also require the same cofactors. On the basis of these 
data, it is easy to visualize the phosphoroclastic reaction as an oxidative 
decarboxylation which uses a mechanism that produces molecular hy- 
drogen rather than one that reduces oxygen as a means of disposing of 
electrons. The failure to demonstrate a pyridine nucleotide requirement, 
characteristic of the oxidative decarboxylations, is readily explained by 
assuming an unknown different mechanism of electron transport. 

However, the failure to find levels of the pyruvate oxidation factor 
comparable to those found in the oxidative decarboxylation systems seri- 
ously weakens the analogy. The Clostridium phosphoroclastic reaction 
differs from that of Escherichia in being insensitive to streptomycin. Thus 
the relationship of this phosphoroclastic reaction to the other reactions of 
pyruvate must await further research. 

Perhaps the most puzzling aspect of this reaction is the failure to pro- 
duce hydrogen from reduced hydrogen acceptors which are oxidized by the 
reaction mixture, and the failure to utilize hydrogen in the presence of 
acceptors which can be reduced by the forward reaction. Further study 
of the hydrogen-producing system is needed, but attempts at purification 
have so far been frustrated by its lability. 


SUMMARY 


The phosphoroclastic reaction of Clostridium butyricum requires co 
carboxylase, coenzyme A, and ferrous ions as cofactors. The pyruvate 
oxidation factor is present in small amounts only and appears not to be 
involved in the reaction. Various hydrogen acceptors may conveniently 
be used to simplify the reaction, but no hydrogen uptake can be demon- 
strated with these compounds. 
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ON THE STRUCTURE OF RIBONUCLEIC ACIDS 
II. THE PRODUCTS OF RIBONUCLEASE ACTION* 


By ELLIOT VOLKIN anp WALDO E, COHN 
(From the Biology Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee) 
(Received for publication, April 27, 1953) 


The complete hydrolysis of ribonucleic acids (RNA) to their constituent 
mononucleotides, while necessary for determining the composition and also 
indicative of the nature of the phosphoryl attachments, fails to give any 
information as to the sequences or subgroup structures existing in the 
parent molecule. The need and qualifications for a method which will 
bring about a reproducible degree of partial degradation by a known single 
mechanism as a starting point for studies leading to such information have 
been set forth by Schmidt et al. (1). They point out that pancreatic ribo- 
nuclease, since it became available in crystalline form, has most nearly 
filled this need and its use is responsible for most of the subgroup and 
sequence information at hand. 

Most of the information as to the end-products of ribonuclease action 
upon yeast RNA and the deductions relative to RNA structure to be made 
from that information comes from the work of Schmidt and his collabo- 
rators (2) and may be summarized as follows: ribonuclease liberates about 
60 per cent of the pyrimidines as mononucleotides, the remainder of the py- 
rimidine nucleotides being attached to purine pelynucleotide chains through 
linkages other than 2’ or 3’, all singly esterified phosphate radicals being 
attached to these free and bound pyrimidine nucleotides at either the 2’ or 
3’ position. From these basic facts, Schmidt et al. (2) concluded that yeast 
RNA consists of chains of purine nucleotides alternating with chains of 
pyrimidine nucleotides, the average length of each such chain being two to 
three nucleotides, and that ribonuclease hydrolyzes only the linkages be- 
tween two pyrimidine nucleotides. Similar results and conclusions have 
been reported by Magasanik and Chargaff (3). 

A direct test of these conclusions by isolation of the ribonuclease-pro- 
duced polynucleotides by ion exchange chromatography was attempted by 
Carter and Cohn (4), who were able to isolate pyrimidine mononucleotides 
in the same amounts as had earlier investigators and who also were able to 
show the presence of polynucleotides. The pyrimidine nucleotides were 
isolated in 60 per cent yield by Cohn and Volkin (5), who showed them to 
consist exclusively of the b isomer. 


* This work was performed under contract No. W-7405-eng-26 for the Atomic 
Energy Commission. It was presented in part before the American Society of 
Biological Chemists at New York, April, 1952. 
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The subsequent establishment of the 5’ linkage as of major importance 
in RNA by Cohn and Volkin (5, 6) led Brown and Todd (7) to the postu- 
late of a 3’ (or 2’) ,5’ structure for the parent molecule. This implied that 
any polynucleotides produced by hydrolytic cleavage, such as ribonuclease 
induces, should also contain a 3’(or 2’) ,5’ structure; thus Schmidt’s ‘“‘non-2’ 
or 3’” phosphory] attachment (1) becomes definitely the 5’ linkage, but a 
distinction between 2’ and 3’ at the other side of each such link was not 
possible. The only evidence that 3’, 5’ might be the favored form came 
from the observations that the 60 per cent of the pyrimidine mononucleo- 
tides liberated by ribonuclease were exclusively of the 3’ type and that 
snake venom diesterase liberates some 3’-pyrimidine nucleotides in addi- 
tion to the large amount of 5’-nucleotides (6, 14). The only 2’-nucleotides 
to be found in enzymic digests were the 2’, 5’-pyrimidine diphosphates. 
However, uncertainty as to enzyme specificity and the ever present pos- 
sibility of chemical or enzymic phosphomigration made conclusions based 
upon these observations exceedingly tenuous. 

The polynucleotides defied direct ion exchange separation in our hands 
until an anion exchanger of a lower degree of cross-linking than usual was 
used. This material (Dowex 1, 2 per cent divinylbenzene, 400 mesh?) 
enabled us to separate most of the ribonuclease digest into single constitu- 
ents, thus giving both a method of analysis and a method of production of 
the hitherto unobtainable polynucleotides. The separation and identifica- 
tion of these polynucleotides are reported in this communication. 


» EXPERIMENTAL 


Materials—The preparation of yeast and calf liver RNA, pancreatic 
ribonuclease, snake venom diesterase, bone monoesterase, and “barley 3- 
nucleotidase” has been described previously (14, 16). 


1It was also established by Brown and Todd (8) and by Brown, Magrath, and 
Todd (9) that the a and b nucleotide isomers were the 2’- and 3’-phosphonucleosides 
of the various bases, but not necessarily respectively. This made it possible to use 
“*2’ and 3’” for ‘‘a and b’’ when these were mentioned together but not 3’ for b or 
2’ for a. Evidence has been presented (10-12) to show that the latter is probably 
the case. The isolation of ribose-2-phosphate from adenylic acid a and of ribose-3- 
phosphate from adenylic acid b (13) seems to establish finally that the correspondence 
is as indicated. Hence in this paper, 2’ and 3’ are used where formerly a and b would 
have appeared. 

2 Subsequent to the chromatography described here, Merrifield and Woolley (15) 
announced the successful ion exchange separation of several dinucleotides and one 
trinucleotide from partial acid hydrolysates of commercial yeast RNA. The degree 
of cross-linking of the Dowex 1 used by them is not stated, but, since commercial 
Dowex 1 is known to have varied in divinylbenzene content, it is possible that the 
earlier unsuccessful experiments (4) were carried out with a material differing in 
this respect from theirs. 
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Enzyme Hydrolysis—The hydrolysis of RNA with ribonuclease was car- 
ried out in an unbuffered solution with frequent addition of standard 
NaOH to keep the pH at 7.2. The action was allowed to proceed until 
consumption of alkali essentially ceased. In experiments with the two 
Jarge preparations discussed here, the reaction mixture was allowed to 
stand overnight. The amount of alkali consumed gives a measure of the 
number of phosphodiester linkages split and, in relation to the previously 
determined amounts of purine and pyrimidine nucleotides present, the 
ratio of this to the total pyrimidine content. It should be noted that, at 
pH 7.2, about 5 per cent of the released secondary phosphoryl groups will 
not be titrated (the pK values of these groups being about 5.9 or 6.0). 

lon Exchange Methods—These methods were essentially those described 
by Cohn (5, 10, 17), but an exchanger of a lower cross-linking (Dowex 1, 2 
per cent cross-linking, 400 mesh?) was employed. It appears likely that 
the separation of the components in this system becomes possible owing to 
the low degree of cross-linking, which allows equilibration of the larger 
polynucleotides with the active groups of the resin. 

In a trial run with 40 mg. of ribonuclease-digested RNA, about twenty- 
five fairly well defined peaks were obtained. Furthermore, essentially all 
of the nucleotide material was recoverable from the column. For the iso- 
lation of larger amounts of the polynucleotides for identification procedures, 
700 mg. each of yeast RNA and calf liver RNA were hydrolyzed (22 hours, 
37°, pH 7.0) with 10 mg. of crystalline ribonuclease. At the end of the 
digestion period, the solutions were adjusted to pH 2, chilled, and the 
insoluble material was removed by centrifugation. Since a large part of 
the ion exchange elution was to be carried out at pH 2, it was deemed ad- 
visable to remove any material insoluble at this pH. In the case of yeast 
RNA, the fraction insoluble at pH 2 (Y-Ins) contained as much as 30 per 
cent of the total material which absorbs at 260 my; however, some of this 
absorption was due to non-RNA contaminants. Very little (4 per cent) 
material insoluble at pH 2 was produced from calf liver RNA. Each super- 
natant solution was then made alkaline (1 m NH,OH) and absorbed upon 
the exchange column (resin bed, 3.7 sq. cm. X 15 cm.). Elution of the 
various fractions from the column was effected with HCl and NaCl. The 
250:260, 280:260, and 290:260 ultraviolet absorption ratios were used as 
initial criteria of a single molecular species. In some cases, recycling 
through another column, with weaker eluting reagents, was necessary for 
more complete separation of components. 

Identification—As an aid in determining the probable nucleotide composi- 
tion of the fractions, a table was constructed of the spectrophotometric 
constants (at acid, neutral, and alkaline pH) and the extinction coefficients 
expected for all possible combinations of di- and trinucleotides. These 
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calculations were based on the assumption that the spectrophotometric 
properties of the constituent mononucleotides are additive (7.e., unaffected 
by combination in polynucleotide form); the approximate validity of this 
assumption was borne out by subsequent ion exchange analysis of the hy- 
drolyzed polynucleotides. The extinction coefficients (260 my, pH 2.0) 
used were cytidylic acid 6800, uridylic acid 9900, adenylic acid 14,200, 
guanylic acid 11,800. 

If initials are used to indicate the nucleotides and their order to indicate 
the mode of attachment, hydrolysis of a trinucleotide, say GAC, by alkali 
takes place, as shown schematically in Fig. 1, to yield G and A as a mixture 
of the 2’ and 3’ isomers of each, and C as the 3’ isomer only (7). The 
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Fic. 1. Typical trinucleotide showing bonds broken by various hydrolytic agents. 
G, A, and C represent the purine or pyrimidine bases; 1’, 2’, etc., indicate the ribose 
carbon atoms. 


terminal phosphoryl can be removed, although sometimes incompletely, 
with a specific monoesterase (bone monoesterase of Gulland (18)). Hy- 
drolysis of the completely dephosphorylated residue by alkali liberates C 
as a nucleoside and G and A as the 2’- and 3’-nucleotides of each, in equi- 
molar amounts, whereas hydrolysis of the same residue (the original polynu- 
cleotide is relatively resistant) with the purified diesterase of snake venom 
(14) yields G as the nucleoside and A and C as 5’-nucleotides. In the 
actual case of the GAC trinucleotide, this double enzyme degradation 
yielded 0.9 um of guanosine and of cytidine-5’-phosphate, 0.8 um of adeno- 
sine-5’-phosphate, and 1.0 uM of inorganic phosphate. These degradations, 
summarized in Table I, should make it possible to define completely the 
structure of all di- and trinucleotides and even, in the case of such sequences 
as AGGU and AGGGJU, of higher orders of polynucleotides. This purpose 
was achieved in most of the degradations reported in Table I. Occasional 
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Substance 


AC 
AC 


AC 


GC 
GC 


GC 
AU 


GU 

GGU 
GGU 
GGC 
GGC 
GGC 
GGC 
GGC 
AAC 


AGC|| 


GAC 


GAU 


AGU|| 


(AGG) U 








Hydrolysis method* | 
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P’ase, Diest. 


P’ase, Diest. 
OH- 


OH- 
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Diest. 
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(Trial 1) 
P’ase, Diest. 
(Trial 2) 

HCl 
Diest. 
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P’ase, Diest. 
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P’ase, Diest. 


P’ase, Diest. 
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Nucleosides | Nucleotides lInorganic P 
BM 7.9 B M BM 
1.35 C (3’) 
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1.3 C (3’)t 
1.6C 4p yen 1.0 
2.6A 1.3 C (5’) 
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0.4 A (2’ + 3’)t 
rope 5.0 G (2’ + 3’) 9.3 
5.5 C 0.6 C (5’) ' 
2.8 Ct ; 
ner 4.9 C (5’) 10 
5.0G 4.7 © (5’) 
3.6 U (3’) | 0 
3.8 A (2’ +3’) 
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0.2 Ut 1.3 U (8’) 
| 27AQ +3") 
| §.7G (+3 0 
| 240 6") 











772 STRUCTURE OF RIBONUCLEIC ACIDS. II 


TasBLe I—Concluded 














Substance Hydrolysis method* Nucleosides Nucleotides Inorganic P 

uM uM eM 

(AGG) U | P’ase, Diest. 0.6 a} 1.7 G (5’) 
0.9G 0.7 A (5’) 1.6 

1.3 U (5’) 

(AGG) C | P’ase, Diest. 1.1 > 2.94 C (5’) 
1.6G 1.7 A (5’) 2.9 

4.3G (5’) 




















* OH- = 0.5 n NaOH, 37°, 16 hours; P’ase = bone phosphatase; Diest. = snake 
venom diesterase; HCl = 1 n HCl, 1 hour, 100°. When two reagents are shown, they 
were used sequentially, with inactivation of the first by boiling. 

¢ Due to incomplete or competitive action. 

t Ascribed to residual phosphatase activity. 

§ As guanine. 

|| Contaminated with other isomer. 


difficulties were encountered, however, in selecting the incubation times, 
in achieving complete monophosphatase inactivation before the diesterase 
incubation, and in achieving the specificity of action of both enzyme prepa- 
rations necessary to obtain a 100 per cent yield of the proper end-products. 


Results 


Degree of Hydrolysis—A typical hydrolysis titration curve is shown in 
Fig. 2, this being the 700 mg. of calf liver RNA digest which has been 
mentioned and will be described in detail. It will be noted that the alkali 
consumed in 4 hours is equivalent to 28 per cent of the total nucleotide 
present, rising to 35 per cent overnight. The latter figure corresponds to 
76 per cent (80 per cent when corrected for the untitrated fraction) of the 
pyrimidine content of the sample. Since, from the work of Schmidt et al. 
and that to be described, it appears that ribonuclease splits pyrimidine 
phosphoesters, the alkali consumption for the RNA from various sources 
listed in Table II is expressed in terms of their pyrimidine content. 

It will be noted that the ratios approach but never exceed 0.95. Yet, 
from observations made upon the total digest, it does appear that all 
pyrimidine nucleotide phosphate groups occur in the digest as singly esteri- 
fied phosphates. The discrepancy must indicate the fraction of pyrimidine 
nucleotides that, in the original RNA, are end-groups; that is, linked to the 
chain by only one phosphoester link. Whether these are the end-groups 
of short, straight chains (which is not consistent with the mode of prepara- 
tion (16)) or are branches originating in triply esterified phosphate (14) is 
not to be decided from these data alone. 
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Fig. 2. Alkali consumed during hydrolysis of calf liver RNA by ribonuclease 


TasB_e II 


Equivalents of Alkali Consumed per Mole of Pyrimidine Nucleotide in Ribonuclease 
Hydrolysis of RNA from Various Sources* 








Ribonucleic acid ome —) fee of 
fT oe See ee 2 ee eee = 0.87 
Ne eg ee re | ai 0.78 
a I ee ee oe ee 0.91 
COE, ooo a hooce bas oda dace Vane congue ede. can 0.68 
De EEE $65550 die: @ bA NR ae vids K 3 ps AEM Saat SEERA OS Lead 0.68 
gh | SRR RR a ee en err re ee 0.87 
Pf gy Re RO Re: eG Ene eee) Pad BMG gaara RE 0.86 
f= ORS Aon awa tags icin tials og oc eam eae Aas aie 0.76 
RCE teed bala vc ee OER bc He aoe eee 0.82 
Ps) WET Aas Se Uae ale dais bs. Be OR US ah Te 0.88 
BF IES on nF NG GEIR Abs Bb ins wile eeRee Ds Ve ae 0.95 
MEMES 5 4-4-3 hiok ba takheed cd8 bs CdR Ewes eaesWh be Tico e ham 0.93 
WY ede Fs nae Reha <A weed Saw oes ee et RE REA es VER ad 0.91 
Me OM 54 oa oot ca Velen cose MOON cc Soe SO Ree hak 0.82 
Be) VM AAA tk ot oe HRC ea ae eb eee Pee a Peas Tae eNeien 0.72 








* Most of these titrations were carried out at pH 7.2, at which pH about 95 per 
cent of the released secondary phosphoryl groups should be titrated. 

¢ From Volkin and Carter (16). 

¢t Sample discussed in the text. 

§ Same sample as that indicated by t, but at another time and in other amounts. 
|| Prepared by Volkin and Carter (16). 

{ 700 mg. of yeast RNA sample discussed in the text (see Cohn et al. (20), Fig. 5). 
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Ton Exchange Separation—The ion exchange separation of the ribonucle- 
ase digest of 700 mg. of calf liver RNA (described under “Experimental”) 
is shown in Fig. 3. Most of the separation was carried out at pH 2, with 
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Fic. 3. Ion exchange separation of products of ribonuclease digestion of calf 
liver RNA. Parentheses on the chart indicate an unknown sequence or a mixture of 
sequences; brackets, an empirical composition. The reagents used were 0.005 Nn 
HCl (I), 0.01 n HCl (II), 0.01 n HCl + 0.0125 n NaCl (III), 0.01 n HCl + 0.025 x 
NaCl (IV), 0.01 n HCl + 0.05 n NaCl (V), 0.01 n HCl + 0.1 n NaCl (VI), 0.01 n 
HCl + 0.2 n NaCl (VII), 0.01 n HCl + 0.3 n NaCl (VIII), 0.01 n HCl + 1 n NaCl 
(IX), and 2 n HCl (X). 


increasing NaCl to force the more strongly absorbed polynucleotides from 
the column. Each major peak is labeled with the name of the substance 
comprising all or most of it; again the initials of the nucleotides are used 
to represent them and the sequence to indicate which member is singly 
phosphorylated in the 2’ or 3’ position (left end, always purine) and which 
contains the one and only singly esterified phosphate (right end, always 
pyrimidine). Unlabeled peaks are unknown in composition, but are pre- 
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sumably polynucleotides of other, less favored, composition or perhaps 
partially dephosphorylated polynucleotides of similar composition to those 
shown. Parentheses indicate an unknown sequence or a mixture of se- 
quences; brackets indicate that the empirical composition only is known. 
The structures of those polynucleotides recovered as mixtures (e.g., AU and 
AGC in Fig. 3) were usually ascertained after a refractionation procedure 
to isolate each, or some of each, in pure form. 

Structure of Individual Polynucleotides Recovered—Analyses of the poly- 
nucleotides obtained by the methods described yield the following generali- 
zations: (1) by alkaline hydrolysis alone, all of the purine bases were ob- 
tained as the mononucleotide 2’ and 3’ isomers, all of the pyrimidine 
mononucleotide as the 3’ isomer exclusively; (2) the successive action of 
bone monoesterase and alkali yielded 2’- and 3’-purine mononucleotides, 
whereas the pyrimidines were obtained exclusively as nucleosides, except 
if enzyme action was not complete, when they occurred as 3’-nucleotides; 
(3) hydrolysis of dinucleotides with purified diesterase (14), following (com- 
plete) monoesterase action, resulted in one purine nucleoside and one 
5'-pyrimidine mononucleotide; similarly dephosphorylated trinucleotides 
yielded one purine nucleoside, one 5’-purine nucleotide, and one 5’-pyrimi- 
dine nucleotide (G, A, and C, respectively, in Fig. 1). When monoesterase 
action was incomplete, the diesterase yielded variable proportions of C (or 
U) as the 3’ ,5’-diphosphate instead of as 5’-nucleotides. 

It was soon apparent in all fractions of sufficient purity, that the nucleo- 
tide possessing the terminal, or monoesterified, phosphory] group was py- 
rimidine in nature and that it existed exclusively as the 3’ isomer. The 
mononucleotides (uridylic and cytidylic acids) obtained in these digests 
were also exclusively the 3’ isomers. 

Nature of Secondary Phosphoryl Groups of Total Digest—Confirmation of 
these conclusions, which are only partially justified by the data in Table I, 
was obtained in two other experiments. In the first of these, analysis of 
an aliquot of the éofal ribonuclease digest after hydrolysis with alkali re- 
vealed that, although the purine nucleotides were present in the usual 
proportion of 2’ and 3’ isomers, all pyrimidine nucleotides were quantita- 
tively accounted for as the 3’ isomers. The other experiments involved 
the use of the barley phosphatase of Shuster and Kaplan (19) which hydro- 
lyzes only the 3’ isomers readily, the pyrimidine 2’ and 5’ isomers remain- 
ing essentially unattacked. Digestion of an aliquot of the ribonuclease- 
hydrolyzed yeast or calf liver RNA by this enzyme resulted in the liberation 
of inorganic phosphate, in amount equal to the total pyrimidine content, 
plus cytidine and uridine in amount equal to the mononucleotide present. 
This is analogous to the experiment of Schmidt ef al. (1) with the non- 
specific prostatic phosphatase and indicates the 3’ nature of all of the free 
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Percer 

phosphate groups demonstrated by them. This dephosphorylated digest 
could be hydrolyzed by alkali to yield practically all the pyrimidines as 
nucleosides (cf. Schmidt et al. (1)) or by diesterase to yield 60 per cent of 
the pyrimidines as nucleoside and 40 per cent as 5’-nucleotide. Thus the | 
unfractionated digest exhibits the same properties as do the isolated poly- | C 
nucleotides. U 

Finally, it should be noted that neither the original RNA nor the total Gc 


ribonuclease digest reduces periodate,* demonstrating, in agreement with AC 
Schmidt et al. (1), that every ribose moiety is phosphorylated in the 2’ or Gu 
3’ position. This relieves Brown and Todd (7) of the necessity for assum- AU 
ing that ribonuclease splits 3’-linked phosphates as well as 5’- in order to 
explain a presumed periodate uptake by these digests. pr 
The analysis of the ribonuclease-hydrolyzed RNA of yeast was effected | Gac 
in an identical manner (see Fig. 5, Cohn et al. (20)). The qualitative | acc 
similarity of the elution patterns for the digestion products from these two | AAU 
nucleic acids was striking. It was observed that identical peaks with re- | GGU 
spect to elution position, spectrophotometric ratios, and extinction coeffi- a 
cients were obtained throughout the entire sequence. Variation in the | 
pattern was limited to differences in the relative amounts of certain frac- | pu,¢ 
tions. In Table III, a summary of identified products obtained from | Pusl 
yeast and calf liver RNA is presented with respect to recovery of the four 
constituent nucleotides. It will be noted that all possible di- and tri- PY 
‘ ; . . L34] 
nucleotides conforming to the general requirements just described have 135: 
been shown to exist. Inso 
Although purification of the largest fragments from the digests of yeast 
RNA (the fraction of yeast RNA (20) insoluble at pH 2, and 34 in Fig. » 4 
3) was not accomplished, experiments were performed to estimate their abe 
relative composition and size. Treatment with bone monoesterase fol- : 





a ‘ - apg : z pr 
lowed by alkaline hydrolysis and ion exchange analysis yielded the entire — 
pyrimidine content of each as nucleosides, with inorganic phosphate to T 
match, and the purines as mixtures of 2’- and 3’-nucleotides. Direct L 


alkaline hydrolysis of L34 (see Fig. 3 and Table III) yielded the pyrimidine : 
nucleotides in the 3’ form. The relative compositions were (for the yeast 
fraction) UCA31:G7.3 and (for L34) UC;3A2;Gu. The purine-pyrimidine 
ratios are 5.5 and 5.8, respectively, which, in view of the end positions 
which must be accorded the pyrimidines, indicate chain lengths of five 
and six nucleotides. Thus the unresolved portions, which seemingly cor- 
respond to the more acid-insoluble fragments and less dialyzable fragments ) 
found by other investigators, may be considered to be only longer mole- | ph 
cules of the same type as the di-, tri-, and tetranucleotides. Their exact | 
size must await better purification procedures. 


nuc 


3 Volkin, E., and Cohn, W. E., unpublished data. 7 
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Percentage* of Each Nucleotide Found in Various Fractions of Ribonuclease Digest 
ligest of Yeast and Calf Liver RNA 
eS as | Yeast ribonucleic acid | Calf liver ribonucleic acid 
nt of jenny “— 
c | wv | eo Ss c U A G 
eae eee eee |——— Lene Ree re ae 
poly- | C 57 | | 60 
U 57 50 
total | ac 12 9 | 16 13 
with | ac 6.7 9 5 8.7 
2’ or GU 10.2 8.3 13 6.1 
ssum- AU 5.5 7.7 2.9 3.0 
ler to 
AAC 1.8 4.9 1.1 4.0 
GGC 4.4 6.6 6.7 10.8 
ected | Gac 1.3 18| 1.0] 1.8 3.2| 1.4 
ative | AGC 2.7 37} B23) 88 4.8| 2.2 
e two | AAU 0.8 2.1 1.25 2.6 
h re- | GGU 3.6 5.8 4.6 4.2 
oeffi- GAU 2.0 2.8 1.5 2.0 2.1 1.0 
AGU 2.6 3.6 2.1 3.3 3.5 | 1.6 
1 the | 
frac- | Pu,Ctt 2.4 4.3| 3.2] 3.4 10.1| 4.0 
from | PuUtt 2.8 | 4.2] 4.0 5.2 | 6.8] 4.6 
: four 
ltri-  Polyt8 1.0 1.35} 2.2] 2.0 4.9| 6.0 
L34t 2.3 3.0 8.8 | 16.0 
have 135 0.7 1.2| 3.4 
Insolubleft 4.6 4.5 19.4 | 25.6 
yeast 
Fig. > di 19 16 17 17 21 16 12 19 
their z tri 10 9.0 19 19 12 1l 20 21 
z tetra 2.4 2.8 8.5 7 3.4 5.3 17 8.6 
 fol- 5 poly 5.6| 45 | 2 | 2 | 5.0) 3.0 | 15 | 25 
ntire ene, ee ances eres 
te to Total recovered... .| 94 89 65 71 102 85 64 74 
irect Lost, ww..........| 30 | 55 | 128 190 | 70 135 215 
+ 9. Total lost, war. .... ; 403 420 
idine Spectrophoto- 193] 2609 
yeast metric, weq. lost|. 393 340 
idine 200** so** 
tions ——$$$$$________. $$ —$___—_ 
five * Compared to alkaline hydrolysis. 
pa t Tetranucleotides consisting of three purine nucleotides and one pyrimidine 
nucleotide. 
nents t All pyrimidine nucleotides are in end positions (contain the singly esterified 
nole- phosphate). 
oxact § (AGGGC) and L33 in liver series; (AGGGC) in yeast series. 


|| Average extinction coefficient taken as 10,000. 
{ Small peaks en route. 
** Fraction insoluble at pH 2. 
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DISCUSSION 


The results reported earlier (6, 14) with respect to the fragments, chiefly 
5’-nucleotides, resulting from the action of diesterase on RNA served to 
establish the 5’-phosphate as a major bond in RNA with the other major 
phosphate link at either the 2’ or 3’ position or both, but more probably 
the latter. The present results, which establish that polynucleotides of 
this general structure (see also Merrifield and Woolley (15)) are released 
from RNA by ribonuclease, confirm these and shed some light upon the 
sequences of nucleotides in the parent RNA. 

A necessary prerequisite to any hypothesis on sequence is the establish- 
ment of the mode of action of the enzyme involved, ribonuclease. From 
the pioneer experiments, in which the general chemical features of ribo- 
nuclease digests were elucidated, Schmidt et al. (1) concluded that ribo- 
nuclease hydrolyzes the linkages between pyrimidine nucleotides, but not 
those between purine nucleotides. They concluded that chains of purine 
nucleotides alternate with chains of pyrimidine nucleotides in the original 
molecule, the average length of each such chain being two to three nucleo- 
tides. 

One extension of Schmidt’s concept of ribonuclease action is apparent 
from our data. The polynucleotides, commencing in purine-3’(or 2’)-nu- 
cleotides, must have been linked via the 5’ positions of the latter to the 
3’ positions of pyrimidine nucleotides (which appear in the digest either as 
free nucleotides or as the end-groups of polynucleotides). Thus, ribonu- 
clease must hydrolyze all esters of pyrimidine-3’-nucleotides regardless of 
whether those esters are purine nucleosides or pyrimidine nucleosides. 

Further indication of the specificity of ribonuclease for cytidine- and 
uridine-3’-phosphate esters comes from the observation that synthetic es- 
ters (e.g., benzyl) of the b (3’) variety are split, whereas the a (2’) are not.! 

The work of Markham and Smith (21-23),5 in which both the inter- 
mediate and final products of ribonuclease action were separated by paper 
electrophoresis, confirms and extends this picture and, in conjunction with 
the experiments of Brown, Dekker, and Todd (25), makes clear the mecha- 


4 Brown, D. M., and Todd, A. R., personal communications. 

5 Most of the work reported in this paper (e.g., all of Fig. 2 and also Fig. 5 of Cohn 
et al. (20)) was done in 1951. During its course, a preliminary announcement of the 
work of Markham and Smith (24) appeared, indicating that many of the same com- 
pounds, as well as many others, could be isolated by paper electrophoresis from 
partial and complete ribonuclease digests. Since this work did not influence our 
own approach, we have reserved acknowledgment of it to this point in the paper 
rather than at the beginning, where date of publication alone would seemingly have 
put it. Since the time when we first became aware of the parallelism in our efforts, 
we have profited much by direct personal communication with Dr. Markham and 
Dr. Smith. 
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nism of action of the enzyme. Essentially the same final products were 
isolated, and it was shown that each new singly esterified phosphate group 
(pyrimidine nucleoside-3’-phosphate) is produced from a cyclic 2’ :3’-phos- 
phate, the latter being the same intermediate first postulated (7) and then 
shown to exist (9, 21) during alkaline hydrolysis. The synthesis of the 
purine and pyrimidine cyclic phosphates by Brown, Magrath, and Todd 
(9) makes it possible to demonstrate both the resistance of the purine 
compounds and the sensitivity of the a (2’) linkage of the pyrimidine com- 
pounds to ribonuclease (25). Thus the production of cyclic 2’ :3’-phos- 
phates from pyrimidine’ (3’) diesters, the splitting of the 5’ bond, and the 
subsequent splitting of the a (2’) bond may be considered established, by 
both degradative and synthetic approaches, as the mechanism of action of 
ribonuclease. 

Markham and Smith (22) also directly confirm the earlier postulate (1) 
of chains of pyrimidine nucleotides by the isolation, from incomplete di- 
gests, of di- and trinucleotides consisting entirely of cytidylic and of uri- 
dylic acids; these are slowly digested to mononucleotides by the enzyme. 
Their observations that certain internucleotide linkages are split more 
rapidly than others and that the cyclic phosphates are also more slowly 
broken may be of great importance in extending further our understanding 
of the mechanism of nuclease action. 

With this general mode of action established, we can deduce from our 
data certain sequence patterns in the parent molecule. Considering at 
first only straight (7.e., unbranched) chains of essentially infinite length in 
the parent RNA, the pyrimidine mononucleotides obtained, which approxi- 
mate three out of five (Table II), must have been connected via their 5’ 
hydroxyls to other pyrimidine-3’-phosphates and through their own 3’- 
phosphate groups to either purine or pyrimidine nucleosides. The other 
two out of five pyrimidine nucleotides are definitely connected to a purine 
(on the 5’ end); they appear as the end-groups of the polynucleotides. A 
straight chain formulation requires that the pyrimidine chains average two 
and a half nucleotides in length and that two out of five pyrimidines adjoin 
other pyrimidines on one side only, at least one out of five on both sides, 
and a maximum of one in five (16 to 20 per cent) on neither side. The 
triuridylic nucleotide of Markham and Smith, for example, indicates at 
least four in line; this must be offset, statistically speaking, by a single 
pyrimidine nucleotide elsewhere in the chain. 

A similar picture is more easily obtained for the purine nucleotides, since 
ribonuclease breaks no purine-purine internucleotide bonds and only those 

6 “‘Non-purine” might well be used in place of ‘‘pyrimidine” in view of the isola- 


tion by Zamenhof et al. (26) of a polyribosephosphate devoid of purines and pyrimi- 
dines, yet which is susceptible to ribonuclease hydrolysis. 
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purine-pyrimidine internucleotide bonds involving a pyrimidine nucleoside- 
3’-phosphate. From the amount of the dinucleotides isolated, 16 to 20 per 
cent of the purine nucleotides must be located between two pyrimidine 
nucleotides and at least 20 per cent (trinucleotides) between one purine 
and one pyrimidine nucleotide. The remaining 65 per cent occurs in chains 
of three or more purine nucleotides. The average length of purine chains 
depends upon the purine-pyrimidine ratio; if the latter is 1:1, the average 
length would be 2.5. 

Branching through Ribose—In a previous communication (14), it has been 
postulated that, if any branching through a ribose hydroxy] occurs, it would 
probably arise in a pyrimidine nucleotide. This is required because all 
chains found in the ribonuclease digest are unbranched; therefore, any 
preexisting branch must have been susceptible to ribonuclease. All chains 
end in pyrimidine nucleotides; therefore, the first member of such a branch 
must also have been a pyrimidine nucleotide, linked to the 2’-phosphate of 
the branch point through its own 3’ position and to the next member of 
the branch (a purine) through the conventional 5’ ,3’-phosphate bridge (14, 
15, 21-24). Thus branching, if it occurs, involves a bond between the 
same two pyrimidines out of every five that are known (1) to be bound to 
purine nucleotides by their own 5’ hydroxyls, and (2) to give rise to the 
polynucleotide end-groups on ribonuclease treatment. Branching thus re- 
quires that an average of five pyrimidines be grouped together instead of 
two and a half (see Fig. 7 of Cohn e¢ al. (20)). The purines in such a 
branched molecule would, as in the straight chain formulation, average 
two and a half per chain (if the purine-pyrimidine ratio = 1) and there 
would still be two such purine chains per five pyrimidines (one group). 
Thus the absence of branched chains in the ribonuclease digest does not 
necessarily indicate the absence of branching through ribose in the parent 
RNA, for that branching could arise in ribonuclease-sensitive bonds. 

Branching through Phosphate—The possibility of branching originating in 
triply esterified phosphate, considered by Gulland (27) as a possible ex- 
planation for a high degree of secondary phosphory] titration observed in 
presumably intact RNA, but not observed by Vandendriessche (28), has 
been newly indicated by the finding of Schmidt’ that samples of RNA 
show secondary phosphate titration at the expense of primary phosphate. 
The extent of this, about 10 per cent of the total phosphate present, should 
reflect the amount of such branching (after correction for the end-groups 
of the main chains). From the observations*® that (1) about 10 per cent 
of the phosphate of intact RNA is liberated by bone monoesterase and 
barley 3’-monoesterase, and (2) about 20 per cent of the pyrimidines (10 
per cent of the nucleotides) of such dephosphorylated RNA appear as 


7 Schmidt, G., personal communication. 
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nucleosides upon alkaline hydrolysis, we conclude that these secondary 
phosphate groups are in the 3’ positions of cytidine and uridine. Since all 
pyrimidines are liberated by ribonuclease as 3’-nucleotides and about 20 
per cent of them by diesterase as 3’-nucleotides (14), we are inclined to 
consider single pyrimidine-3’-nucleotide branches originating from triply 
esterified phosphates in the main chain as a possible explanation. 

In so far as the “core” (non-dialyzable fraction of the ribonuclease 
digest) of other investigators approximates our acid-insoluble and more 
strongly sorbed fractions (Y-Ins and L34, for example), our results agree 
with those of Markham and Smith (23) and indicate that these fractions 
are composed of the same kinds of purine nucleotide chains ending in 
pyrimidine-3’-nucleotides, but are of greater length than the isolated poly- 
nucleotides. Since we were able to isolate a few tetranucleotides, our 
average ‘‘core” length is greater than theirs. The absence of any obvious 
qualitative difference in structure, in so far as the internucleotide linkage 
and the sequence of bases is concerned, gives no clue as to the cause of the 
reported spectrophotometric (“hyperchromic effect” (3)) and titrimetric 
(29) aberrations in these fractions. 


SUMMARY 


1. The acid-soluble products of ribonuclease action may be separated by 
chromatography on strong base anion exchange resins of a proper degree of 
cross-linking. 

2. The ribonuclease digests of yeast and of calf liver RNA have been 
thus fractionated and shown to consist principally, if not entirely, of a 
mixture of mononucleotides and polynucleotides containing one pyrimidine 
nucleotide in each, any remainder being purine nucleotides. 

3. All pyrimidine nucleotides in the digest contain one singly linked 
phosphate group in the 3’ (b) position and, if in polynucleotide combina- 
tion, one doubly linked phosphate group in the 5’ position as well. The 
remainder of the chain, if any, seems to be similarly constructed of 3’ ,5’- 
phosphate bridges between purine nucleotides. 

4, These results are in agreement with those of Markham and Smith 
(21-23) and, with them, confirm and extend the earlier studies of Schmidt 
et al. (1, 2). They also provide further proof for the structure for RNA 
proposed by Brown and Todd (7), in part based upon the earlier isolation 
of 2’, 3’, and 5’ isomers of each nucleotide from RNA digests (5, 6, 10, 14), 
which is a 2’,5’ or a 3’,5’ chain or both. 

5. As extended by Markham and Smith, the concept of ribonuclease 
action becomes that of a phosphodiesterase specific for the non-3’-phos- 
phate bonds of pyrimidine nucleoside phosphate esters. 

6. As proposed by Schmidt et al., RNA appears to consist of chains of 
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purine nucleotides and chains of pyrimidine nucleotides in varied combina- 
tions of sequence and length. The appearance of about 60 per cent of the 
pyrimidines as 3’-mononucleotides indicates that 20 to 40 per cent are 
between two pyrimidine nucleotides and thus that the average length of 
the pyrimidine nucleotide chains is two and a half. If branching through 
ribose occurs, the average number per group rises to five pyrimidine nucleo- 
tides. - For the purine nucleotides, it appears that about 16 per cent are 
between two pyrimidine nucleotides, at least 20 per cent are between a 
pyrimidine and a purine nucleotide, leaving about 65 per cent bound in 
chains of three or more purine nucleotides, whether RNA is a straight or 
a branched chain. 
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ADRENOCORTICAL HORMONES IN HUMAN PLASMA 


By IAN E. BUSH* anp AVERY A. SANDBERGT 


(From the Departments of Biological Chemistry and Medicine, University of Utah 
College of Medicine, Salt Lake City, Utah) 


(Received for publication, May 25, 1953) 


Although several pieces of evidence have indicated that 17-hydroxy- 
corticosterone is probably the major secretory product of the human adre- 
nal cortex, no rigorous proof of this has yet been submitted. Thus Mason 
and Sprague (1) isolated large quantities of this substance from the urine 
in Cushing’s syndrome from a subject with severe diabetes mellitus. Chro- 
matographic, but incomplete, evidence of the presence of 17,21-dihydroxy 
cortical steroids and of 17-hydroxycorticosterone itself in the peripheral 
blood of normal humans has been obtained (2-4). The presence of com- 
paratively large quantities of corticosterone was also suggested by the 
analyses of Morris (4). Bush (3), however, was unable to find corticos- 
terone in the peripheral blood of pregnant women, all of whose blood sam- 
ples yielded relatively large quantities of 17-hydroxycorticosterone. 

In this paper a rigorous proof of the identity of the major free circulating 
adrenocortical hormone in human plasma with 17-hydroxycorticosterone is 
described and, in addition, evidence is submitted that corticosterone is 
present in human plasma only in relatively small concentrations. 


Methods 


Four healthy male and two female subjects were fasted overnight and 
given an infusion of 50 i.u. of adrenocorticotropic hormone (ACTH) in 
1000 ml. of physiological saline, beginning at 9.00 a.m. and lasting for 6, 
8, or 24 hours (Table I). Subjects 1, 2, 3, 5, and 6 were treated with 
Armour’s ACTH preparation (lot No. K56409) and Subject 4 was given 
an Upjohn preparation (lot No. CB243ZF). 

Blood was drawn, at the times indicated in Table I, into collecting bottles 
containing usually 125 ml. of citrate buffer solution made up of 1.32 gm. 
of sodium citrate, 0.48 gm. of citric acid, and 1.47 gm. of dextrose in each 
100 ml. of solution. In the case of Subject 6, coagulation was prevented 
with 50 mg. of heparin in 5 ml. of water. 

As controls on the effect of ACTH, experiments were carried out on 
fresh blood samples obtained from healthy untreated subjects and also 
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TABLE I 


on samples of pooled plasma from the blood bank. The latter were used 
approximately 1 month after being drawn (Table II). 

The citrated or heparinized blood was centrifuged within 12 hours of 
collection and a large sample of plasma was withdrawn. This was diluted 


Approximate Concentrations of 17-Hydroxycorticosterone and Corticosterone Found 
in Human Plasma during Treatment with ACTH Expressed in Micrograms 














































per 100 Ml. of Plasma* 
Vol blood col 
: bags! Duration 20d Com. |17-Hydrox- : 
Subject Sampl trated lect’ ft Cort 
Non | See | Ae | Nor | plasma | OL ACTH | / Starting | PEUCO™ | Cerone 
infusion 
yrs. mil. hrs. hrs. 
1 23 1 210 6 6 64 <14 
2 9 27 2 300 8 8 51 <5.5 
3 25 3a 150 6 3 35 5 
3b 150 6 55 8 
4 roi 32 4a 150 6 3 32 <5 
4b 170 6 51 12 
5 Tou 26 5a 170 6 3 42 <6 
5b 170 6 66 12 
6 ro 40 6a 135 24 6 22 <4 
6b 170 24 22 2 (?) 
















TaBLeE II 


* The concentrations are corrected for the dilution with the citrate used in the 
blood collection to give figures for the original plasma. 


Approximate Quantities* of 17-Hydrozxycorticosterone and Corticosterone Found in 
Plasma Taken from Humans Untreated with ACTH 









Source 


Sample No. 


Volume citrated 


17-Hydroxycor- 


Corticosterone 





















plasma ticosterone 

7 ¥ 

Male, 35 yrs. (fresh plasma) 7 130 12 <2 

(Divided) 130t 45- 50 <2 

2 males, 2 females, pooled 8 850 80-100 <10 

(blood bank) 

Female, 30 yrs. (fresh plasma) 9 250 25 <5 
Unknown donors, pooled 10 80t 8 30-35 

(blood bank) (Divided) 80 8 <1 















* In each instance the total extract was chromatographed, and in most cases an 
unknown conversion factor was necessary for calculating concentrations in the 
original plasma; actual quantities per sample are therefore given. 

t Plus 40 y of 17-hydroxycorticosterone added before extraction. 
t Plus 34 y of corticosterone added before extraction. 
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with an equal volume of water and the solution extracted three times with 
3 times its volume of ethyl acetate in a separatory funnel. The ethyl ace- 
tate was tested with indicators and was used only if its pH was greater 
than 6.0. 

The combined extracts were washed once with one-tenth their volume 
of 0.2 Nn NazCO; and once with one-tenth the volume of water. 1 drop of 
glacial acetic acid was added and the extract distilled to near dryness at 
reduced pressure and 45-50° with a fine capillary. Traces of water were 
removed by adding ethanol toward the end of the distillation. 

Each extract was dissolved in 15 to 20 ml. of a light petroleum (Skel- 
lysolve C)-ethyl acetate mixture (1:1 by volume) and the solution was 
passed through 2 gm. of silica gel (Davidson, 60 X 200 mesh) in a 1 cm. 
diameter column. After running a further 10 ml. of petroleum-ethy] ace- 
tate through the column, the steroids were eluted with 7 ml. of a mixture 
of ethyl acetate-methanol, 1:1 by volume. This eluate was evaporated 
in a 2.5 cm. diameter test-tube in a vacuum at 45-50° and dissolved in 
ethylene dichloride and methanol for chromatography on paper (5). 

Acetates were prepared by treating dried fractions of the extracts with 
2 drops of acetic anhydride and 3 drops of dry pyridine in stoppered tubes 
for 16 to 20 hours at room temperature. After adding 2 ml. of absolute 
methanol, the acetylated extract was evaporated to dryness and dissolved 
in a small volume of ethylene dichloride for chromatography. 

Oxidation with sodium bismuthate (6) was carried out in stoppered 
tubes at room temperature for 4 hours with occasional shaking with 20 
mg. of NaBiO; in 1 ml. of 5 per cent acetic acid. The extract was dis- 
solved in 0.2 ml. of methanol before adding the bismuthate suspension. 

Oxidation with chromic acid was carried out according to the method of 
Zaffaroni and Burton (7), except that the free steroid and not the acetate 
was used. 

Examination of the chromatograms was carried out with the ultraviolet 
scanner (8), the combined NaOH-triphenyltetrazolium chloride test (3, 5), 
and alkaline m-dinitrobenzene as used by Savard (9). 


Results 


Chromatography of Untreated Extracts—Parts of all the extracts (Tables 
I and II) were chromatographed in the system, benzene-methanol-water 
(100:55:45 by volume), at 36-37° in parallel with known reference sub- 
stances (Fig. 1). In all sixteen plasma extracts, spots were found on the 
chromatogram with R, values within 2 per cent of that of 17-hydroxy- 
corticosterone on examination with the ultraviolet scanner. When the 
chromatograms were treated with triphenyltetrazolium chloride (TPTZ) 
in 2 n NaOH, spots were obtained in all cases with centers identical with 








786 ADRENOCORTICAL HORMONES IN PLASMA 

those of the ultraviolet-absorbing spots and the correct relative diameter 
(due to the different sensitivities of the three tests used). Thus it was 
demonstrated in all instances that the substance presumed to be 17-hy- 
droxycorticosterone reduced triphenyltetrazolium chloride and that, after 
drying, the chromatograms gave the yellow fluorescence with NaOH char. 
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Fic. 1. Chromatogram with the benzene-methanol-water system. O, origin; 1, 
2, 3, ultraviolet-absorbing spots negative to the other tests; F, spot reacting to 
NaOH and TPTZ, absorbing ultraviolet light of 253.7 mu; A, B, E, F, reference 
steroids (Kendall’s Compounds A, B, E, and F); 4, blue fluorescent spot; Z, solvent 
front; I, IV, reference substances; J7, III, plasma extracts. 


acteristic of A‘-3-ketosteroids. The relative intensities and areas of the 
spots observed were those obtained with pure 17-hydroxycorticosterone. 

In ten of the fifteen samples to which corticosterone was not added (i.e. 
excluding the control Sample 10, Table II), no corticosterone was detect- 
able by any of the three methods used. In two extracts, appreciable quan- 
tities of corticosterone (see ‘“Discussion’’) were detected, and, in three 
others, small or barely detectable quantities. 

In four of the sixteen extracts, small quantities of cortisone (see ‘“Dis- 
cussion”’) were detected. 

In all sixteen extracts, three spots which absorbed strongly in the ultra- 
violet scanner, but which neither reduced TPTZ nor fluoresced after NaOH 
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treatment, were detected (Fig. 1). In all sixteen extracts a fourth spot 
which gave a blue fluorescence in ultraviolet light was detected. The 
identification of these four materials was not pursued, but their possible 
interference with other analytical methods makes them worthy of note. 
Chromatography—F ractions of Samples 1, 2, 5, 6, 7, and 8 were acetylated 
separately. In all cases a substance with Ry within 2 per cent of that of 
17-hydroxycorticosterone-21-acetate was found on the chromatograms. In 
each case the same reactions were obtained with triphenyltetrazolium chlo- 
ride and NaOH as with this reference substance. Other substances were 


CH, OH 
1 2 
7e ie) 
HO < HO, 
No Bi 0, 
ee D 
ie) 
CH2OH 
= 
HO S fe) 
Cr 05 
Oo 1°) 


Fic. 2. Reactions used for the characterization of 17-hydroxycorticosterone from 
human plasma. 


not recovered in sufficient quantity to be detected on these chromatograms. 
In the case of Samples 4a, 4b, 5a, and 5b, the fractions were pooled and 
chromatographed, and the ultraviolet-absorbing spot presumed to be 17- 
hydroxycorticosterone eluted and acetylated. Again a substance identical 
with 17-hydroxycorticosterone-21l-acetate by the above criteria was ob- 
served, and no other, indicating that the original material was homogeneous 
to the extent of >95 per cent. 

Chromatography of Oxidation Products—Fractions of Samples 5, 6, 7, and 
8 were combined, evaporated, dissolved in methanol, and oxidized with 
sodium bismuthate (Fig. 2). The solution was extracted with ethylene 
dichloride and, after washing with water and evaporation, the extract was 
chromatographed in two parts in the system, benzene-light petroleum- 
methanol-water (36:66:80:20 by volume), at 36.5°. 
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A spot was observed with an Ry, value within 1 per cent of that of 11g- 
hydroxyandrost-4-ene-3 ,17-dione on the ultraviolet scanner. By separate 
treatment with the Zimmermann reaction and with NaOH, it was shown 
that this substance gave the purple color characteristic of a 17-ketosteroid, 
and the yellow fluorescence after NaOH treatment characteristic of a A‘ 
3-ketosteroid. 

Fractions of Samples 11, 12, and 13 were pooled and chromatographed, 
and the presumed 17-hydroxycorticosterone was located on the ultraviolet 
scanner. This spot was then eluted and the material oxidized with chromic 
oxide. The product of oxidation was extracted and chromatographed in 
two halves in the light petroleum-benzene system. A spot with the same 
Ry value as androst-4-ene-3 ,11,17-trione was found on the scanner and 
the chromatogram cut in half for separate treatment with the Zimmermann 
reagent and NaOH. Again the substance gave the purple color of a 17- 
ketone and the yellow fluorescence of a A‘-3-ketosteroid with the two tests, 

Ratio of 17-Hydroxycorticosterone-Corticosterone—While the inaccurate 
graduations of the conventional blood-collecting bottle and the semi- 
quantitative method of determination employed (spot comparison after 
NaOH treatment) prevented the accurate determination of the concentra- 
tion of these two substances in human plasma, the known sensitivity of 
this fluorescence reaction (which was checked with known quantities of 
reference substances on each chromatogram) is sufficient for an approxi- 
mate estimate of the ratio of their concentrations in plasma. In Samples 
3a, 3b, 5b, and 6b, in which both compounds could be detected, the lowest 
ratio observed was 4:1 (Sample 5b); in the cases in which corticosterone 
was not detectable, it was shown to be from >4.5:1 to >30:1. 

It was found that in two subjects (Subjects 4 and 5) this ratio fell from 
>6:1 and >8:1 3 hours after beginning the infusion of ACTH to 4:1 
and 5.5:1, respectively, 3 hours later (Table I). 

In all fourteen test extracts, then, this ratio was considerably greater 
than unity, and in most of the samples (either with or without ACTH 
treatment) the quantity of corticosterone found in the extracts was either 
undetectable or extremely small. 


DISCUSSION 


Since the identification of 17-hydroxycorticosterone submitted here de- 
pends upon chromatographic evidence, some discussion of the reliability 
of this evidence is necessary. First of all, the Rr value, reduction of 
TPTZ, and yellow fluorescence after NaOH treatment of the free compound 
are themselves highly characteristic; no synthetic steroid has yet been 
found which can be confused with 17-hydroxycorticosterone on the basis 
of these three criteria.' Secondly, the behavior of the acetate and its ap- 


1 Bush, I. E., unpublished observations. 
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parent homogeneity demonstrate the presence of only one easily esteri- 
fiable hydroxyl group. 

Cortical steroids with a dihydroxyacetone side chain are oxidized to 17- 
ketones by NaBiO; (6); those without the 17-hydroxyl group are oxidized 
to the related 20-carboxylic acids. In these experiments this oxidation 
yielded approximately 40 per cent 118-hydroxyandrost-4-ene-3 , 17-dione, 
60 per cent unchanged 17-hydroxycorticosterone, and no detectable etio- 
cholenic acid on the chromatogram. 

While the identity of 118-hydroxyandrost-4-ene-3 ,17-dione was fairly 
reliable on the basis of Ry value and the two reactions employed, the pres- 
ence of two additional ketone groups on the androstenedione molecule could 
conceivably produce the same effect on the Ry value as the 118-hydroxy 
group. If, however, the compound contained a hydroxyl group, the Rr 
value could be explained only if it contained the 118-hydroxy] group and 
no other polar groups than the two already known. Accordingly chromic 
acid oxidation of the presumed 17-hydroxycorticosterone pooled from these 
plasma extracts was carried out and androst-4-ene-3 , 11 ,17-trione obtained. 
With the presence of the A‘-3-ketone and 17-ketone groups proved by the 
NaOH fluorescence test and the purple color given with alkaline m-dinitro- 
benzene (as distinct from blue or gray colors with 3- and 20-ketones re- 
spectively), the Rr value was explainable only if the compound contained 
an 11-ketone group and no other additional polar group. The presence 
of a 6-ketone group was excluded by the absence of a yellow color reaction 
with NaOH before drying the chromatogram.! The differences between 
the CrO; and the NaBiO; oxidation products therefore proved the existence 
of one hydroxyl group on the steroid nucleus, whose position and orien- 
tation as 118 were certain both from the Rr values of the free compound 
and the NaBiO; oxidation product and from its lack of esterification in the 
original compound. The reliability of the inferences drawn from Ry, 
values can be judged by inspection of the test chromatogram shown in 
Fig. 3. 

Two other aspects remain to be discussed, namely the specificity of the 
NaOH fluorescence test and the evidence that the substituent groups pres- 
ent were, in fact, substituents in a steroid nucleus of the normal steric con- 
figuration. For the purposes of detecting and characterizing A‘-3-ketoster- 
oids in small quantity, the NaOH fluorescence test is believed to be both 
more specific and more sensitive than the absorption maximum at 239 to 
242 mu given by such compounds. It is often difficult to determine this 
peak accurately with small quantities of steroid in extracts, and distinction 
between different types of a,8-unsaturated ketones would be difficult with 
the small quantities we had to handle in these experiments.. Thus the 
test with NaOH is sensitive to >0.25 y per sq. cm. of most A‘-3-ketosteroids 
(in practice this usually works out as 0.5 — 3.0 y per spot), and is com- 
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pletely negative with A'-3-ketones, A*-7-ketones, A'*-20-ketones, A‘: ®-dien- 
ones, A':4-dienones, A':4:®-trienones, A*-7-ketones, and A®: "!-12-ketones, 
In fact, a positive reaction in this test proves the existence of the A‘-3- 
ketone group and the existence of rings A and B of the steroid nucleus 
(e.g. cyclohex-2-enone is negative’). 

The only remaining objection to the identification of this substance as 
17-hydroxycorticosterone is that a direct proof of the configuration of the 
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Fig. 3. Typical chromatogram in the solvent system used for examining deriva- 
tives of 17a-hydroxycorticosterone. Right-hand column, a series of progesterone 
derivatives and progesterone itself. O, origin; Z, solvent front; F, 17-hydroxycorti- 
costerone; EZ, cortisone; B, corticosterone; FAC, 17-hydroxycorticosterone-21-ace- 


tate; EAC, cortisone- 21- acetate; 1, allopeegn- l-ene-17a, 21-diol-3, 11,20-trione-21- 
acetate. 


remainder of the steroid nucleus is absent. However, it can be shown on 
the basis of the evidence submitted that any other hydrocarbon skeleton 
for this substance is extremely unlikely. First of all, the color reactions 
and oxidations prove conclusively the existence of an a-ketol side chain 
joined to the nucleus at the point of attachment of a tertiary hydroxyl 
group, the existence of the A‘-3-keto rings A, B structure (excluding the 10- 
methyl group), and the existence of one other hydroxy] group on the nu- 
cleus. Further, a 3-carbon side chain is incompatible with the existence 
of three polar groups on the NaBiO; or CrO; oxidation products. With 
this set of polar groups, an Ry value of the compound equal to 17-hy- 
droxycorticosterone would be impossible if the hydrocarbon skeleton con- 
sisted only of a 2- or 3-ring structure, since the van der Waals’ interaction 
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with the mobile phase of the solvent system employed would be smaller 
than that of 17-hydroxycorticosterone. Finally, the ability of these sol- 
vent systems to separate 5a:58 H isomers (10) and to differentiate 19-nor- 
progesterone from progesterone! makes it very unlikely that any hydro- 
carbon skeleton other than that of the normal adrenocortical steroids would 
be possible for this compound. It is doubtful whether a p homosteroid 
with equivalent substituents could be differentiated in the original form, 
but its CrO; oxidation product would be distinguishable both by its Rr 
value and its reaction with m-dinitrobenzene. 

We can, therefore, conclude on the basis of chemical evidence alone that 
the major component of the circulating adrenocortical hormones in human 
plasma before and after ACTH treatment is very probably 17a-hydroxy- 
corticosterone. This is obviously in agreement with all the biochemical 
evidence available. 

The occasional detection of two substances tentatively identified as cor- 
tisone and corticosterone in human plasma needs comment. Neither com- 
ponent occurred in large enough amounts to permit complete characteri- 
zation, but in two cases (Samples Extracts 5b and 6b) the compound 
postulated to be corticosterone was shown to reduce TPTZ as well as to 
give a yellow fluorescence after NaOH treatment. With the very large 
volumes of extract used, the production of cortisone as an artifact from 17- 
hydroxycorticosterone cannot be completely excluded, although none was 
detected in the control experiment (Sample 7). 

The previous inability of Bush (3) to find appreciable quantities of corti- 
costerone in blood samples from pregnant women was criticized justifiably 
(4) on the basis of inadequate control experiments with corticosterone it- 
self. Morris (4) found 17-hydroxycorticosterone-corticosterone ratios of 
1:2 in human subjects. The modified method of fat removal (crude silica 
gel chromatography) described in this paper was used specifically to avoid 
possible loss of polar steroids when orthodox partition methods were used. 
By this method, recoveries of progesterone, 17-hydroxyprogesterone, corti- 
costerone, and 17-hydroxycorticosterone from 5 to 20 ml. samples of blood 
ranged from 80 to 100 per cent. However, it was thought advisable to 
check the entire extraction procedure for both corticosterone and 17-hy- 
droxycorticosterone by using large volumes of plasma, since such volumes 
increase greatly the possibility of losses by adsorption, or loss during trans- 
fer and evaporation of extracts. Two control experiments were therefore 
performed on normal human plasma (Samples 7 and 10) in which the re- 
covery of both the compounds under study was more than 85 per cent. In 
view of this it seems reasonable to assume that the recovery of both com- 
pounds was approximately the same in these experiments. Thus it appears 
that, if corticosterone is present in human plasma (the identification is still 





792 ADRENOCORTICAL HORMONES IN PLASMA 


only tentative), it occurs only in small quantities relative to 17-hydroxy- 
corticosterone in most cases, and that the human being is to be classed 
with the sheep and monkey (3, 11) as a species in which the adrenal cortex 
secretes 17-hydroxycorticosterone as its major steroid product. 

The apparent fall in the 17-hydroxycorticosterone-corticosterone ratio 
seen in Subjects 4 and 5 may be physiologically significant. Thus Bush 
(11) found that such a fall occurred in some cats when large doses of ACTH 
were given. The species differences in adrenocortical secretion previously 
described may well be alterable under special conditions. A particularly 
extraordinary case, in which the concentrations of 17-hydroxycorticosterone 
and corticosterone in the peripheral blood in a subject with toxemia preg- 
nancy were approximately 27 and 83 y per 100 ml. of blood respectively 
before delivery and 17 and <3 y per 100 ml. after delivery, has been noted 
previously (3), although the possibility of the abnormality being due to 
placental secretion was not excluded. 

The disagreement between these results and those of Morris (4) and of 
Sweat et al. (12) will need further investigation. However, it is possible 
that the substances labeled 3 and 4 in Fig. 1 would interfere with the 
methods of estimation they employed. Certainly the experiments of Butt 
and Crooke (13) show that crude chloroform extracts of human plasma 
contain large amounts of material which give a polarographic wave in- 
distinguishable from that given by A*-3-ketosteroids, while similar extracts 
show only one-tenth this quantity of material with a yellow fluorescence 
after NaOH treatment. Such substances may interfere with polarographic 
or fluorimetric estimations even after careful chromatographic fraction- 
ation. The figures for 17-hydroxycorticosterone, however, are in good 
’ agreement with the results of the above workers and also those of Nelson 
et al. (2), using other methods. 

The control plasma samples were obtained partly as freshly drawn blood 
from volunteers and partly as plasma stored for approximately 1 month 
in the hospital blood bank. It was interesting that the content and rela- 
tive composition of adrenocortical steroids were very similar in both types 
of plasma samples and that these hormones apparently survive unchanged 
in carefully stored plasma for at least a month. 

The possibility that the mineralocorticoid first found in adrenal extract 
by Grundy, Simpson, and Tait (14), and later in mammalian adrenal ve- 
nous blood (15), is also secreted by the human adrenal was not investigated 
in the above experiments, since its concentration in peripheral plasma is 
probably very low indeed. However, a very similar substance has been 
found in human urine by Luetscher and Johnson (16), and it is probable 
that some mineralocorticoid as well as 17-hydroxycorticosterone is secreted 
by the human adrenal cortex. 
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SUMMARY 


1. By means of paper chromatography and microchemical reactions, it 
has been shown that the major free adrenocortical steroid in human plasma, 
with or without ACTH treatment, is 17a-hydroxycorticosterone. 

2. Corticosterone was rarely found in extracts of human plasma. The 
ratio 17-hydroxycorticosterone-corticosterone was shown to be 25 in all 
the untreated subjects and > 4 in all the subjects treated with ACTH. In 
many cases this ratio was > 10. 

3. The substances tentatively identified as corticosterone and cortisone 
were not fully characterized. 

4. A disagreement with respect to the concentration of corticosterone 
in human plasma between these results and those of other workers is dis- 
cussed. 

5. In some subjects the ratio 17-hydroxycorticosterone-corticosterone 
changed during ACTH treatment. 
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THE SYNTHESIS OF ORGANICALLY BOUND IODINE BY 
CELL-FREE PREPARATIONS OF THYROID TISSUE* 
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(From the Department of Chemistry, McMaster University, Hamilton, Canada) 


(Received for publication, June 24, 1953) 


The conversion in vitro of iodide ion to organically bound iodine by 
thyroid tissue was first demonstrated by Chaikoff and his coworkers. 
They showed that surviving thyroid slices are able to convert radioiodide 
ion (I'*-) into thyroxine and its precursors monoiodotyrosine and diiodo- 
tyrosine (1, 2). Attempts to obtain the synthesis of organically bound 
iodine by homogenates of thyroid tissue failed, indicating that the archi- 
tectural integrity of the intact cell is required for this synthesis. It was 
further noted that thyroid slices do not take up radioiodine from the sus- 
pending medium if they are incubated under anaerobic conditions. This, 
along with the fact that the uptake is blocked by such substances as azide, 
carbon monoxide, cyanide, and sulfide, caused Chaikoff’s group to postu- 
late that oxidative enzymes are involved in thyroxine synthesis. They 
specifically suggested the cytochrome system. 

The synthesis of organically bound iodine by cell-free preparations of 
thyroid tissue has been reported recently by Weiss (3). He found that 
homogenates incorporate I'*'~ into organically bound form if they are sup- 
plemented with cupric ion and tyrosine. Although cupric ion inhibits 
the uptake of I'*~ by intact slices, it is necessary to obtain synthesis by 
homogenates. Furthermore, although anaerobiosis abolishes the synthesis 
by slices, Weiss found that it was without effect on homogenates supple- 
mented with copper ion. The synthesis of organically bound iodine by 
the various particulate fractions was also studied, and the activity was 
found to be largely confined to the nuclei and mitochondria, particularly 
the latter. 

The present investigation was undertaken with the object of studying 
this synthesis in cell-free preparations of the thyroid gland by use of 
paper chromatography to identify the substances formed rather than the 
relatively non-specific solvent extraction procedure used by Weiss. Our 
studies lead us to a different interpretation of the processes occurring in 
thyroid homogenates from that advanced by Weiss. As he has pointed 
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out, this matter is of considerable importance, since it would appear at 
present that the study of events in cell-free thyroid preparations will prob- 
ably yield much information on the process by which the gland synthesizes 
its hormone. 


EXPERIMENTAL 


Homogenate Techniques—Except where otherwise noted, homogenates 
were prepared from fresh thyroid tissue with an appropriate volume of 
ice-cold isotonic KCl in a Potter-Elvehjem glass homogenizer. Unless 
otherwise stated, 5 per cent homogenates were used in all experiments, 
In a few cases, as indicated, these were centrifuged for 20 minutes at 1500 
X g to remove stroma, unbroken cells, and erythrocytes. 

Experiments were conducted in Warburg flasks containing the following 
mixture: 2.0 ml. of the appropriate isotonic KCl homogenate, 0.5 ml. of 
0.1 m phosphate buffer, pH 7.4, 0.2 ml. of 0.04 m tyrosine, and 0.2 ml. of 
0.04 m CuCl,. When a component was omitted, it was replaced with an 
equal volume of distilled water. The labeled iodine was added as carrier- 
free sodium iodide. It was placed in a side arm in 0.1 ml. of water. Ex- 
cept where noted, 10 yc. of activity were used in each experiment. The 
flasks were placed in a bath at 38° and allowed to shake for a period of 
10 minutes to insure temperature equilibration. The tracer solutions 
were then added to the homogenates and the flasks shaken for 3 hours, 
when the contents were removed and prepared for chromatographic analy- 
sis. All experiments were run with the stop-cocks turned so that the 
flasks were open to the air. 

Preparation of Extracts for Paper Chromatography—The homogenates 
were removed from the flasks and extracted with 3.0 ml. of redistilled 
n-butanol. This extract was chromatographed on paper as described 
below. The residue from this extraction was hydrolyzed for 16 hours 
with 10 per cent sodium hydroxide on a steam bath. The hydrolysate 
was adjusted to pH 3 with 6 n HCl and extracted with 3.0 ml. of redis- 
tilled n-butanol. This extract was chromatographed as described below. 
The first extract contains the free extractable labeled iodine-containing 
compounds formed in the homogenate; the second contains the extractable 
labeled iodine-containing compounds liberated during hydrolysis. 

Methods of Paper Chromatography and Radioautography—aAll extracts 
were chromatographed on Whatman No. 1 paper strips, 6 em. wide and 56 
em. long, previously treated with buffer. The general techniques used 
have been described elsewhere (4). Extracts made prior to hydrolysis 
were dried on the paper in 30 wl. amounts, whereas 50 ul. of the extracts 
of hydrolyzed homogenates were used. 

An exposure time of 48 hours was used for the radioautographs of the 
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chromatograms of extracts made prior to hydrolysis and one of 24 hours 
for chromatograms of the extracts of the hydrolyzed homogenates. The 
positions of the various labeled materials were compared for purposes of 
identification with the positions of unlabeled carrier materials determined 
by suitable color reactions. 


RESULTS AND DISCUSSION 


Radioautographs of chromatograms of the butanol-extractable iodine- 
containing compounds formed in copper- and tyrosine-supplemented rat 
thyroid homogenates are shown in Fig. 1. It is evident that only one 
labeled iodine-containing substance other than iodide ion exists in soluble 
form in the homogenates. This substance has been shown to be monoiodo- 
tyrosine by chromatographic comparison with an authentic sample. Es- 
sentially all of the identifiable activity in the butanol extracts of the homog- 
enate is in the form of iodide ion and monoiodotyrosine. The autograph 
from the chromatogram prepared from an extract of the hydrolyzed ho- 
mogenate shows that the concentration of labeled iodine-containing amino 
acids in the protein-bound form is negligible by comparison. These re- 
sults are strikingly different from those reported by Weiss, which were 
based on an extraction technique. It might be postulated that this is 
due to the different source of thyroid tissue, However, homogenates of 
beef, hog, rabbit, guinea pig, human, and rat thyroid gave the same re- 
sults with each tissue, with homogenate concentrations varying from 20 to 
2 per cent. In each case, there is negligible activity in the hydrolysate 
and the only soluble labeled compound formed is monoiodotyrosine. The 
activity in rat and guinea pig thyroid homogenates is somewhat greater 
than that in the tissue from the four other species. Homogenates pre- 
pared by using either the Potter-Elvehjem glass homogenizer or the sand- 
grinding technique of Weiss gave essentially the same results. Cell-free 
preparations made by centrifuging the whole homogenates at 1500 x g 
for 20 minutes showed an activity in the supernatant fluid almost com- 
parable to that in the whole homogenates, suggesting that the iodinating 
activity is either truly soluble or is associated with the mitochondria. 
That the iodinating activity is enzymatic is shown by the fact that heat- 
inactivated preparations have little iodinating power (Fig. 1). There isa 
slight non-enzymatic iodination of free and protein-bound tyrosine under 
the conditions of these experiments. This will be discussed below. 

It would appear then that copper- and tyrosine-supplemented homogen- 
ates of thyroid tissue do not synthesize the hormone thyroxine and its 
intermediates; rather, they carry out a one-step iodination of free tyrosine 
to free monoiodotyrosine. This synthesis is dependent on the presence 
of both copper and tyrosine; if either is omitted, there is no formation of 
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monoiodotyrosine (Fig. 1). The function of tyrosine in this system is 
obvious. It is serving as the substrate for an iodinating enzyme (tyrosine 
iodinase) that carries out a one-step iodination of tyrosine to monoiodo- 
tyrosine. Apparently there is insufficient preformed tyrosine in the ho- 
mogenates to provide detectable iodination under the conditions of our 
experiments. The function of the cupric ion is not immediately apparent. 

Weiss interpreted the requirement for copper as an indication that a 
copper-containing enzyme (or enzymes) was concerned with the synthesis 
of thyroxine. The authors feel that the data presented here establish 
that the function of the copper is the non-enzymatic oxidation of iodide 
ion. Iodine has recently been shown to be formed in thyroid gland slices 
and is utilized by the first enzyme to produce organically bound iodine (4), 
Cupric ion oxidizes iodide to iodine in both acidic and neutral solution (5, 
6). The reaction is an equilibrium, the position of which depends on the 
hydrogen ion concentration. It is possible that the only function of cupric 
ion is to generate elemental iodine, which is then accepted by the enzyme 
tyrosine iodinase to carry out a single step iodination of tyrosine. If 
copper functions in this manner, it should be replaceable by substances 
that will carry out the same oxidation. Ferric ion can replace copper in 
the homogenates (Fig. 2). It is not as efficient as cupric ion, but this is 
not unexpected since iron forms a complex with the phosphate of the 
buffer. The iodination on the addition of ferric ion is catalyzed by the 
enzyme since boiling the homogenate prevents the synthesis of mono- 
iodotyrosine. Hydrogen peroxide will also replace copper in this system. 
Since the oxidizing power required to convert iodide to iodine is supplied 
by copper, an explanation is afforded of the observation that anaerobiosis 
has no effect on the synthesis of organic iodine in copper-supplemented 
homogenates, while it completely inhibits such a synthesis in slices. The 
inhibitory effect of cupric ion on the uptake of iodine by thyroid gland 
slices is also explained. It oxidizes iodide to elemental iodine which can- 
not be taken up by the slices. Hydrogen peroxide has an identical effect 
(3). However, copper may well be concerned with at least some of the 
enzymes that produce thyroxine. Jung and Giggleberger have postu- 
lated that the thiourea type of antithyroid activity is effective because of 
complex formation with a copper-containing enzyme (7). Shapiro states 
that in man the organ containing the highest concentration of copper is 
the thyroid gland (8). Tyrosine iodinase may be a copper-containing 
enzyme that retains its copper in the process of homogenization. 

An investigation of the specificity of the enzyme has led to some inter- 
esting results. The enzyme will accept either tyrosine or 3-fluorotyrosine 
as its substrate. From the former it produces 3-iodotyrosine and from 
the latter 3-fluoro-5-iodotyrosine, as shown in Fig. 2. Other aromatic 
substances equally reactive toward iodine, such as p-aminobenzoic acid, 
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sulfanilamide, monoiodotyrosine, and phenol, are not affected. This ob- 
servation constitutes further evidence that the reaction is catalyzed by 
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Fic. 1. Radioautographs of chromatograms. A, butanol extract of a 5 per cent 
homogenate of rat thyroid supplemented with copper and tyrosine. The first spot 
above the origin is iodide ion, the second monoiodotyrosine; B, experiment con- 
ducted as in A, except that boiled homogenate was used; C, experiment conducted as 
in A with tyrosine omitted; D, experiment conducted as in A with copper omitted; 
E, butanol extract of the hydrolysate of the protein from the experiment in A. All 
the ‘chrom: itograms were run by the ascending technique, transverse line at the top 
marking the solvent front. The spots just behind the fronts are artifacts which often 
occur in butanol extracts. 


the enzyme. The recently elucidated mechanism of action of the aromatic 
antithyroids allows the prediction that these compounds will inhibit the 
action of tyrosine iodinase by complex formation with the elemental iodine 
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that the enzyme requires (4). The aromatic antithyroid p-aminobenzoic 
acid completely inhibits the action of the enzyme at a concentration of 








Fic. 2. Radioautographs of chromatograms. A, butanol extract of a 5 per cent 
homogenate of rat thyroid containing 2.7 X 10°* m FeCl, and 2.7 X 10-3 tyrosine; 
B, experiment conducted as in A, except that boiled homogenate was used: C, experi- 
ment conducted as in Fig. 1, A, except that 3-fluorotyrosine was substituted for 
tyrosine; D, experiment conducted as in Fig. 1, A, with addition of 1 X 10-?M 
p-aminobenzoic acid. All the chromatograms were run by the ascending technique, 
transverse line at the top marking the solvent front. The spots just behind the 
solvent fronts are artifacts which often occur in butanol extracts. 


1 X 10% M, a concentration at which it inhibits the formation of organic 
iodine in slices (Fig. 2). The aromatic inhibitors sulfanilamide and phenol 
also inhibit the action of this enzyme at the same concentration. 
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That the use of the extraction method of Morton and Chaikoff (2) should 
give results so much at variance with those presented here is at first sur- 
prising. However, separations based on simple solvent extraction pro- 
cedures are, in general, unreliable. Morton and Chaikoff used their extrac- 
tion method only in conjunction with comparatively large amounts of 
carrier materials. Their data show that the fractions were contaminated 
with significant amounts of compounds other than diiodotyrosine and 
thyroxine. These were removed by repeated recrystallizations of the 
added carrier by means of the “washing out” technique of adding small 
amounts of suspected contaminants. Weiss does not report the use either 
of carrier or of the ‘washing out” technique. The activities he reports 
to be those of diiodotyrosine and thyroxine may be caused by the mono- 
iodotyrosine formed appearing in the two organic fractions. His finding 
that no activity could be extracted from the homogenates prior to hydroly- 
sis is very surprising in view of our results. Possibly his more complicated 
extraction process rendered the monoiodotyrosine non-extractable prior 
to hydrolysis. He does report the results of chromatographing the ex- 
tracts of hydrolysates in a few experiments. The chromatograms con- 
tained bands with R» values corresponding to diiodotyrosine and thyroxine. 
The authors have noted that there is a slight activity in the protein-bound 
fraction. It has been possible to show, by the use of higher I" activities 
and longer autograph exposure times, that the protein-bound activity 
consists of monoiodotyrosine and diiodotyrosine. The origin of this pro- 
tein-bound activity is probably the well known non-enzymatic iodination 
of protein (9). When a 1 per cent suspension of casein is substituted for 
the homogenate in an experiment in which labeled iodide and copper have 
been added, these intermediates are formed in approximately the same 
yield as is the case in homogenates. It can be seen from Fig. 1 that the 
activity in the protein-bound fraction is negligible compared with that in 
free monoiodotyrosine. 

In view of the above results, the claim that phosphate bond energy is 
not required for the biosynthesis of thyroxine (3) should be examined. 
Although copper- and tyrosine-supplemented homogenates do not esterify 
phosphorus, neither do they carry out the total synthesis of thyroxine. 
The most that can be said at present is that the enzyme that iodinates 
tyrosine does not require phosphate bond energy. The important ques- 
tion of whether the complete pathway involves phosphate bond energy is 
still left open. There is good evidence in the literature that it is involved 
(10). Weiss’ claim thai his work supports the concept that thyroxine 
synthesis proceeds with the tyrosine molecule linked to protein must also 
be reviewed. Two independent groups have produced evidence that the 
thyroxine molecule is synthesized in bound form in thyroglobulin (11, 12). 
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This claim is based on the fact that the specific activity of protein-bound 
thyroxine is greater than that of free thyroxine in short term experiments, 
It should be noted, however, that these data give no information on the 
earlier stages of thyroxine synthesis. The observations presented in this 
paper support the idea that the first iodination at least is that of free tyro- 
sine to free monoiodotyrosine. 


SUMMARY 


1. Evidence is presented to show that the synthesis of organically bound 
iodine which proceeds in copper- and tyrosine-supplemented homogenates 
of thyroid tissue is due to the formation of free monoiodotyrosine. 

2. This synthesis is the result of the action of an enzyme that carries 
out a single step iodination of tyrosine with elemental iodine. The enzyme 
will also accept 3-fluorotyrosine to produce 3-fluoro-5-iodotyrosine. 

3. The function of cupric ion is to produce elemental iodine non-en- 
zymatically from iodide ion. This iodine is then accepted by the iodinat- 
ing enzyme. The cupric ion can be replaced by either ferric ion or hy- 
drogen peroxide, either of which provides elemental iodine. 

4. The aromatic antithyroid substances, p-aminobenzoic acid, sulfanil- 
amide, and phenol, inhibit the action of this enzyme at concentrations 
comparable to those at which they inhibit the synthesis of thyroxine in 
gland slices. It is probable that this enzyme reaction is the locus of action 
of this type of inhibitor. 


The authors would like to express their appreciation to Professor Carl 
Niemann for his generous gifts of 3-fluorotyrosine and 3-fluoro-5-iodo- 
tyrosine. 
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In the course of studies on the intermediary metabolism of choline, a 
large number of determinations of free choline in plasma was required. 
As none of the methods hitherto described was satisfactory for our purpose, 
a sensitive chemical method was developed by which the free choline could 
be accurately determined by using small amounts of plasma. 

The chemical methods most commonly used for the estimation of choline 
involve (a) precipitation with Reinecke salt to yield choline reineckate, 
followed by colorimetric measurement of the complex (1-10), and (b) pre- 
cipitation with potassium triiodide to yield choline periodide (choline en- 
neaiodide) with subsequent determination of the iodine (11-15). In both 
of these procedures the choline derivative must be washed free of excess 
reagent before it can be assayed, and small amounts are lost in the washing 
of the precipitate. In the determination of mg. quantities of choline this 
loss is insignificant, but with small amounts of choline the loss becomes 
appreciable. For this reason these procedures are not well suited for the 
estimation of free choline in plasma. 

It was observed in this laboratory that choline periodide is-soluble in 
ethylene dichloride and in this solvent exhibits an ultraviolet absorption 
spectrum which differs markedly from that of free iodine (Fig. 1). This 
permits the measurement of choline periodide in the presence of free iodine 
adsorbed on the surface of the precipitated complex and thus eliminates 
the need for washing the precipitate. With this principle, a method has 
been developed which permits the estimation of as little as 5 y of choline. 
This procedure has been applied to the estimation of free choline in plasma. 


EXPERIMENTAL 
Reagents— 
n-Butanol saturated with 2 n HCl. n-Butanol, reagent grade, is 
shaken with 2 N HCl at room temperature. The butanol should be satu- 
rated with the aqueous acid solution the day it is used. 
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Isobutanol saturated with 2 N HCl. Isobutanol, reagent grade, ig 
treated in the same way as the n-butanol. 

Potassium triiodide reagent. 15.7 gm. of iodine, reagent grade, and 20 
gm. of potassium iodide, reagent grade, are dissolved in 100 ml. of water, 
The mixture is shaken for 45 minutes on a mechanical shaker to effect 
complete solution. The reagent is indefinitely stable at 4°. 
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Fic. 1. Absorption spectra of choline periodide (A) and iodine (B) in ethylene 


dichloride. Choline periodide concentration, 16.9 y per ml. (equivalent to 1.65 7 
per ml. of choline). Iodine concentration, 10 y per ml.; cell thickness, 1 em. 


Ethylene dichloride. The solvent obtained from some sources contains 
impurities which cause a gradual decomposition of dissolved choline peri- 
odide. 

Ethylene dichloride obtained from the Eastman Kodak Company (puri- 
fied grade) or the Union Carbide and Carbon Corporation (technical grade) 
is usually free of interfering substance. 

The stability of the choline complex should be tested in each lot of 
ethylene dichloride before use. 

Choline periodide. The complex was prepared as follows: To 30 mg. 
of choline chloride in 5 ml. of water were added 2.5 ml. of potassium tri- 
iodide reagent. The mixture was allowed to stand at 4° for 20 minutes, 
centrifuged, and the supernatant fluid removed by aspiration. The pre- 
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cipitate was washed several times with ice-cold water to free it from ad- 
sorbed iodine reagent and dried on filter paper over Drierite in a desiccator 
at 4°. Weighed amounts of the dry black crystalline precipitate were 
analyzed for iodine following sodium fusion, and for nitrogen by the micro- 
Kjeldahl procedure. 


C;Hi1,ONI,y. Calculated. N 1.12, I 91.8 
Found. ** 1.10, ‘92.0 (Sample 1) 
“ 1.10, “91.0( “ 2) 


The results are in agreement with the theoretical value required for the 
compound to contain 9 atoms of iodine, and they confirm the findings of 
Stanék (11). 16.9 mg. of the complex were dissolved in a liter of ethylene 
dichloride to form a reference standard equivalent to 1.65 y of choline per 
ml. This solution was found to be stable at refrigerator temperature for 
a period of 2 years. 

Standard Choline Solution—Choline chloride c.p. is dried over concen- 
trated sulfuric acid in vacuo. A standard solution is prepared containing 
1 mg. of choline per ml. of water. The stock solution is stable at 4° for 
at least 2 weeks. Working standards are prepared by suitable dilution 
of the stock solution with water. 

Special Apparatus—A specially designed 15 ml. glass-stoppered centri- 
fuge tube with a finely tapered tip, and graduated at 0.5, 1.0, 2.0, and 10 
ml.,! was used. The finely tapered tip facilitates aspiration of the super- 
natant fluid from the choline periodide precipitate. 

Extraction of Free Choline from Plasma—Free choline in plasma is sepa- 
rated from proteins and phospholipides by extraction into acetone. The 
acetone is removed by evaporation and the aqueous residue extracted 
with ether to remove neutral fat. 

In preliminary experiments, the choline periodide was precipitated from 
the ether-extracted aqueous solution. However, counter-current distri- 
bution of the apparent choline disclosed the presence of considerable non- 
choline material that also reacted with the triiodide reagent to yield an 
ethylene dichloride-soluble complex which absorbed light at 365 mp. It 
was found that the interfering material could be removed by extractions 
of the aqueous choline solution with n-butanol and isobutanol. A small 
fraction of the choline is also removed by these extractions but correction 
for this loss is made by running choline standards through the same pro- 
cedure as plasma. 

Procedure—Pipette 3 ml. of plasma into a test-tube and add, with mixing, 
12 ml. of acetone (reagent grade). Centrifuge the tube and decant the 
supernatant solution into a 50 ml. beaker. Resuspend the precipitate in 
10 ml. of 80 per cent acetone and centrifuge. Pool the acetone extracts 


1From E. Machlett and Son, New York. 
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and evaporate to approximately 1 ml. at room temperature in a stream of 
air. Transfer the sample as completely as possible to the finely tapered 
glass-stoppered centrifuge tube. Complete the transfer by using in suc- 
cession three 2 ml. portions of acetone and three 2 ml. portions of absolute 
ether. Evaporate the solution to about 1 ml. at room temperature in a 
stream of air. Shake with 10 ml. of ether, centrifuge, and remove the 
ether layer by aspiration with a fine tipped capillary tube. Remove the 
ether dissolved in the aqueous phase by carefully heating the tube in a 
boiling water bath. 

Add 0.17 ml. of 12 n HCl and adjust the volume with water to 1.0 ml. 
Immediately? extract the solution twice with 0.4 ml. of n-butanol and then 
three times with 2 ml. portions of isobutanol. Following each extraction, 
centrifuge the tube and, without loss of the aqueous phase, carefully re- 
move the organic phase by aspiration with a fine tipped capillary tube. 
Remove the dissolved alcohol by evaporation of the aqueous residue to 
0.5 ml. in a water bath. This aqueous solution is used for the determina- 
tion of choline as described below. 


Precipitation and Estimation of Choline As Periodide 


The aqueous solution containing free choline is treated with potassium 
triiodide reagent to precipitate choline as the periodide. After removal 
of the supernatant solution, the periodide complex is dissolved in ethylene 
dichloride and determined spectrophotometrically at 365 mu. 

The absorption spectrum of choline periodide shows two peaks, one at 
295 my and the other at 365 mu. The 365 mu wave-length was chosen for 
the measurement of choline periodide since the interference from iodine 
is less at this wave-length (Fig. 1). 

Procedure—Cool the centrifuge tube (containing 5 to 40 y of choline in 
0.5 ml. of solution) to 4° and add 0.2 ml. of cold potassium triiodide reagent. 
Tap the tube gently to promote mixing but avoid excessive spreading of 
the reagent over the upper portion of the tube. Allow the tube to stand 
at 4° for at least 20 minutes and then centrifuge for 10 minutes at 2500 
r.p.m. Using a fine tipped capillary tube carefully, aspirate the superna- 
tant fluid from the firmly packed precipitate until the centrifuge tube is 
essentially dry. Immediately dissolve the choline periodide* in a small 


2? Small amounts of choline-containing compounds, perhaps residual phospho- 
lipides, gradually yield free choline in the acid solution. For this reason, the butanol 
and isobutanol extractions which remove these compounds are undertaken with a 
minimum of delay after acidification. 

3 Choline periodide, which contains 9 atoms of iodine, gradually decomposes at 
room temperature to the more stable choline hexaiodide, a black oil. The ultraviolet 
absorption spectra of the two iodine complexes are qualitatively identical, but the 
optical density of the choline hexaiodide is only about two-thirds that of the ennea- 


iodide. 
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amount of ethylene dichloride with a fine tipped stirring rod, and dilute 
the solution with additional solvent to a volume of 10 ml. (when the amount 
of choline is less than 7 y, dilute to 5 ml.). Transfer about 3 ml. of the solu- 
tion to a cuvette and read the optical density of the solution at 365 my, 
with ethylene dichloride for the zero setting. A reagent blank run through 
the entire procedure should give a reading of less than 0.030 against ethylene 
dichloride (Beckman ultraviolet spectrophotometer). 

25 y of choline run through the precipitation procedure give an optical 
density of about 0.515. The sensitivity may be doubled by dissolving 
the complex in 5 ml. instead of in 10 ml. of ethylene dichloride. When 
known amounts of choline are run through the entire plasma procedure, 
the optical densities are about 10 per cent lower, since small amounts of 
choline are lost by extraction into butanol and isobutanol. Since the dis- 


TaB_eE I 


Recovery of Choline from Aqueous Solution 








Choline added No. of recoveries Average recovery Standard deviation 

7 | per cent per cent 

100 | 21 99 2.7 

50 26 100 2.1 

30 12 98 2.4 

25 46 97 3.4 

20 15 99 2.7 

10 16 94 5.0 

5 28 94 8.0 











tribution of choline between water and these organic solvents varies some- 
what from day to day, standards should be run along with each series of 
plasma samples. 

Recovery of Choline—Various amounts of choline in 0.5 ml. of water were 
treated with the triiodide reagent and the choline was assayed as described 
above. The optical densities were found to be proportional to concentra- 
tion and closely coincided with those obtained by spectrophotometric meas- 
urement, in ethylene dichloride solution, of equivalent amounts of choline 
periodide (see “Reagents”). Precipitation of the choline as the iodine 
complex was essentially complete, but when quantities as small as 5 and 
10 y were analyzed, the recovery was somewhat low and variable (Table I). 

The reproducibility of the plasma choline method and the recovery of 
choline added to plasma were checked as follows: A sample of pooled hu- 
man plasma was divided into four portions. The first portion was ana- 
lyzed directly for choline, with six replicates of 3.0 ml. each. The other 
three portions were analyzed after the addition of 5, 10, and 15 ¥ of choline 
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per ml. of plasma. The results indicate that the reproducibility and re. 
covery are satisfactory (Table IT). 

Assay of Specificity—The specificity of the method for the estimation of 
free choline in plasma was assayed in the plasma of two human subjects 
by the Craig counter-current distribution technique (16). The choline 
was isolated from 40 ml. samples of plasma as described in the analytical 
method, and the aqueous residue was evaporated to dryness at room tem- 
perature in a stream of air. The choline was quantitatively extracted 
into two 20 ml. portions of absolute alcohol and the alcohol was evaporated 
to dryness at room temperature. This step served to separate the choline 

















TABLE II 
Recovery of Choline Added to 3 M1. of Human Plasma 
Choline added Total choline expected* Total choline found Recovery of added choline 
7 per ml. + ber ml. ¥ per ml. y per ml. 

5.0 12.3 12.5 5.2 
5.0 12.3 12.7 5.4 
10.0 17.3 17.8 10.5 
10.0 17.3 18.2 10.9 
10.0 17.3 17.4 10.1 
10.0 17.3 a7 3% 9.8 
15.0 22.3 22.1 14.8 
15.0 } 22.3 21.8 | 14.5 
15.0 22.3 20.7 13.4 
15.0 | 22.3 20.9 13.6 





| 





* The endogenous choline value was 7.3 7 per ml. (the average of the six values, 
7.7, 7.7, 7.3, 7.0, 7.2, and 7.1). 


from considerable amounts of inorganic salts, which would markedly affect 
the counter-current distribution described below. The apparent choline 
was subjected to a counter-current distribution involving three transfers. 
The distribution was effected in a series of 50 ml. glass-stoppered centri- 
fuge tubes between n-butanol (30 volumes) and 2 n HCl (1 volume). 
Each solvent was saturated with the other. After the counter-current 
distribution, the partition ratio of the choline in each phase was determined 
by the analysis of the choline in suitable aliquots evaporated to dryness at 
room temperature in a current of air. In Table III is shown the total 
amount of apparent choline present in each tube, together with the frac- 
tion present in the butanol phase. The ratio of the amount of.solute in the 
butanol phase to the total amount in both phases was constant, and almost 
identical with that found for authentic choline measured at the same time 
with the same solvents. 
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The specificity of the choline method was further checked by the tech- 
nique of comparative partition ratios (17). Choline was isolated from 45 
ml. of human plasma as described above for the counter-current distribu- 
tion. The partition ratios of the apparent choline from plasma were com- 
pared with those of authentic choline in a series of two-phase systems 
consisting of 2 N HCl and n-butanol containing various concentrations of 
petroleum ether. The results indicated that both substances possessed the 
same solubility characteristics and were, therefore, presumably the same 
compound (Table IV). 


TaB_e III 


Counter-Current Distribution of Apparent Choline from Plasma of Two Normal 
Subjects 
The choline in plasma was extracted from about 40 ml. of plasma as described in 
the text, and was subjected to a three transfer counter-current distribution in glass- 
stoppered test-tubes between 2 N HCl (1 volume) and n-butanol (30 volumes). The 
partition ratio of apparent choline in each tube is expressed as the ratio of the amount 
of solute in the butanol phase to the total amount in both phases. 























Subject A Subject B 
Tube No. ay aan a i eae gies ‘ 
y per tube ~— ‘ah a y per tube ge ot buta- 
1 24 0.60 8 0.58 
2 113 0.63 56 0.60 
3 183 0.64 94 0.60 
4 102 0.63 54 0.60 
MS Vaciccxeshiens cs 422 212 











*When authentic choline was distributed between the solvents used in this 
experiment, the fraction in the butanol phase was 0.62. 





The possibility was considered that part of the choline determined as 
free choline had been derived during the course of the analytical procedure 
from choline-containing precursors, such as phospholipides, phosphoryl- 
choline, and glycerylphosphorylcholine. 

The effect of phospholipides on the plasma choline level was investigated 
as follows: Phospholipides from a sample of plasma were extracted with a 
mixture of alcohol-ether according to the procedure of Bloor (18), after 
which the solvent was evaporated to dryness and the phospholipides taken 
up in petroleum ether. Aliquots of the petroleum ether solution were 
evaporated to dryness and various samples of plasma were added to the 
residues. Analysis of the plasmas showed that the addition of phospho- 
lipides did not affect the free choline levels. 
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Phosphorylcholine does not react with potassium triiodide and is not 
easily hydrolyzed to free choline. The addition of phosphorylcholine to 
plasma was found to have no effect on the estimated free choline level. 

Glycerylphosphorylcholine likewise does not react with the triiodide re. 
agent, but is readily hydrolyzed to yield choline under the acidic conditions 
employed in the butanol and isobutanol extraction steps of the procedure, 
However, glycerylphosphorylcholine is stable in neutral solution. In the 
analysis of a number of plasma samples, the aqueous phase was buffered 
to pH 7 for the butanol and isobutanol extraction steps. This variation 
in the procedure gave the same levels of free choline as the regular proce- 


TABLE IV 


Distribution of Choline and Apparent Choline between 2 n HCl and Various 
Butanol-Petroleum Ether Miztures 

The apparent choline was extracted from human plasma as described in the text, 
and taken up into 2N HCl. Aliquots of this solution and of an authentic choline 
solution were distributed between 2 n HCl (1 volume) and various butanol-petroleum 
ether mixtures (75 volumes). The fraction of the compound extracted with the 
various solvent mixtures is expressed as the ratio of the amount of compound in the 
organic phase to total compound. 











Per cent petroleum ether in Authentic choline, fraction in Apparent choline from plasma, 
utanol phase organic solvent Gestion in organic solvent 
0 0.75 0.79 
1 0.61 0.59 
3 0.47 0.46 
+ 0.37 0.37 
5 0.28 0.29 
7 0.11 0.10 
10 0.00 0.00 











dure. The results indicate that glycerylphosphorylcholine in appreciable 
amounts is not a normal component of human plasma. Others have also 
shown that this choline derivative is not present in plasma (19). 


Results 


Free choline in plasma was determined in twenty-one adult healthy males 
in the fasting state. The samples of blood were treated with oxalate and 
centrifuged immediately, and the plasma was analyzed as soon as possible. 
The concentration of choline in the plasma averaged 4.4 y per ml. and 
ranged from 2.5 to 9.9 y per ml. In only three individuals in this group 
were the levels above 6.0 y per ml. The concentration of free choline in 
the plasma of patients with cirrhosis (six subjects), hypertension (six sub- 
jects), diabetes (twelve subjects), and hyperthyroidism (six subjects) was 
in the same range as in the normal subjects. 
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The variation in free plasma choline throughout the day was measured 
in four of the normal individuals. None of the values, including those 
taken 1 to 2 hours after a meal, was appreciably different from the morning 
fasting value, indicating that the dietary intake of choline did not affect 
the plasma levels. 

The variation in free plasma choline over a period of 4 weeks was deter- 
mined in thirteen normal male individuals. Generally speaking, the cho- 
line levels for a given individual were found to remain relatively constant 
from week to week (Table V). The levels in ten other subjects were meas- 
ured several months apart and found to be relatively unchanged. This 
latter group contained two individuals whose plasma levels were about 10 
y per ml. 


TABLE V 


Plasma Levels of Free Choline in Normal Individuals Measured at Weekly Intervals 
The values are given in micrograms per ml. 




















Subject | ist wk. | 2nd wk. | 3rd wk, | 4th wk. | Subject | ist wk. | 2nd wk. | 3rd wk. | 4th wk. 
| | | 

Ro | 7.0 | 6.0 | 7.6 | 7.5 | Le 46 | 5.3 | 48 | 4.2 
Mc | 4.5 | 3.7 | 4.1 | 4.7 Ch 5.1 6.3 | 4.6 | 4.2 
Pe | 26 | 3.4 | 3.7 | 4.4 Ap 6.6 6.6 | 4.8 
Ra | 3.9 | 4.2) 41 | 3.6 | Ja 3.2 | 2.9 | 3.7 | 3.1 
Ch | 36 | 3.8 | 44/32 | Wi | 3.7 | 3.3 | 4.1 | 3.4 
Kr | 2.5 | 3.6 | 4.6 | 4.7 Ge 1 hs ae? OF en 
Co | 4.1 | 2.7 | 41 | 4.8 | 




















The effect on plasma choline of feeding large amounts of choline was 
investigated. Two subjects received orally 5 gm. of choline as the bicar- 
bonate salt (in the form of a 14 per cent syrup) and plasma levels were 
measured in 30 minutes and at various times thereafter for 12 hours. 
Elevation of the plasma choline level was not observed. Two cirrhotic 
subjects also received 5 gm. of choline as the bicarbonate salt daily for a 
period of 4 weeks. Again the plasma level of choline was not signifi- 
cantly affected. 

The constancy of the plasma level of free choline in a given individual 
suggests that some regulatory mechanism is involved. Further evidence 
of this was obtained by measuring the plasma levels of choline of a dog 
which received 625 mg. of choline chloride by intravenous infusion over a 
period of 3 hours. During the infusion the plasma level of choline rose 
progressively from 7 y per ml. to 18 y per ml. 35 minutes after stopping 
the infusion the plasma choline had fallen to 10 y per ml., and within 1 
hour had returned to the preinjection level. The urinary excretion of 
choline accounted at most for only a few per cent of the injected dose. 





812 DETERMINATION OF CHOLINE IN PLASMA 


It was concluded therefore that the major part of the choline had undergone 
metabolic transformation. 


DISCUSSION 


Biological, microbiological, and chemical methods have been used for 
the estimation of free choline in plasma. By these methods a wide scatter 
of values for free choline in plasma has been reported, as summarized by 
Bligh (20). 

The specificity of the various chemical and microbiological methods has 
not been demonstrated, and indeed the high values usually reported with 
these methods suggest that they are unspecific. Methods in which choline 
is bioassayed as acetylcholine possess high sensitivity and perhaps speci- 
ficity, but technical difficulties in the assay procedure limit their usefulness, 
The present method for plasma appears to be specific, as shown by counter- 
current distribution and partition ratio studies. However, application of 
the plasma method to urine and homogenized organ tissues has disclosed 
the presence of a considerable amount of non-choline material which is 
also assayed as choline. Modification of the method will therefore be 
necessary before it can be used for the analysis of urine and tissues. 

The free choline level in plasma is relatively constant in a given individ- 
ual and is not appreciably changed even after the ingestion of large amounts 
of choline. In the dog the level of choline is elevated during the intra- 
venous infusion of choline, but on discontinuance of the infusion the level 
rapidly returns to the preinjection value. Similar results have been re- 
ported by Bligh (21). Obviously, therefore, there exists a mechanism in 
the body for maintenance of the plasma choline at a constant level. The 
results indicate that urinary excretion is only a minor factor in controlling 
the plasma level, and it seems probable therefore that the choline level in 
plasma is regulated by metabolic processes. The nature of these regula- 
tory mechanisms is under investigation. 


SUMMARY 


A sensitive and specific method for the estimation of free choline in 
plasma has been described. The method involves extraction of the choline 
into acetone, evaporation of the acetone, and removal of interfering sub- 
stances from the aqueous residue by butanol and isobutanol extraction. 
Choline is precipitated as the enneaiodide, which is dissolved in ethylene 
dichloride and measured spectrophotometrically at 365 my. Iodine ad- 
sorbed on the periodide precipitate does not interfere in the measurement, 
and as little as 5 y of choline can be determined. 

The free choline level in plasma of normal male adults averages about 
4.4 y per ml. Analyses made over a period of several months indicate 
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ne that each individual maintains a relatively constant plasma level and this 
level is not increased after meals or by the oral administration of large 
amounts of choline. 

Evidence is presented suggesting that the level of free choline in plasma 


for is controlled by a process involving metabolic transformation. 
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GLUCURONIC ACID AS A PRECURSOR OF ASCORBIC ACID 
IN THE ALBINO RAT* 


By HUGH H. HOROWITZ} anv C. G. KING 
(From the Department of Chemistry, Columbia University, New York, New York) 


(Received for publication, July 6, 1953) 


The structures of glucuronic and ascorbic acids suggest a precursor re- 
lationship between the two compounds in organisms that synthesize vita- 
min C. The relationship is also suggested by the fact that many sub- 
stances cause a marked simultaneous increase in the urinary excretion of 
both compounds in the albino rat (1, 2). However, feeding glucurone to 
albino rats did not cause increased excretion of the vitamin (2). 

When it was found that C-labeled glucose (3-5) is converted to ascorbic 
acid in the albino rat without chain fragmentation or change in steric 
configuration around carbons 2 and 3 of glucose (carbons 4 and 5 of ascorbic 
acid), glucuronic acid again was indicated as an intermediate. 

In the present study, this hypothesis was firmly established by injecting 
uniformly labeled glucuronolactone-C" into Chloretone-stimulated albino 
rats and analyzing the excreted ascorbic acid for C“ content and distribu- 
tion. 


EXPERIMENTAL 


Male albino rats of the Wistar strain were stimulated with Chloretone 
until their daily ascorbic acid excretions exceeded 30 mg. per day. They 
were then given intraperitoneal injections of 24 mg. (4.5 & 10° c.p.m. on 
our counter) of uniformly labeled glucuronolactone-C* ! dissolved in 1 ml. 
of water. The urine was collected for 24 hours in 5 ml. of 10 per cent 
oxalic acid. After removal of the oxalate and other anions with lead ace- 
tate, the ascorbic acid was adsorbed on an‘anion exchange column, eluted 
with n HCl, evaporated to dryness, precipitated from ethanol by adding 


* This investigation was aided by grants from the Atomic Energy Commission 
(contract AT (30-1)-1137), the Nutrition Foundation, Inc., and Hoffmann-La Roche, 
Ine. 

+ The data given in the present manuscript constitute a portion of the thesis sub- 
mitted by Hugh H. Horowitz in partial fulfilment of the requirements for the degree 
of Doctor of Philosophy, Faculty of Pure Science, Columbia University. 

1 The authors are indebted to Dr. W. Z. Hassid of the University of California for 
the synthesis of this material, and to Dr. A. L. Elder, Corn Products Refining Com- 
pany, for his cooperation in arranging for the synthesis. Its specific activity was 
190,000 c.p.m. per mg. on our counter or approximately 0.36 uc. per mg. absolute. 
A summary of these findings was presented at the Lind Bicentenary Conference, 
University of Edinburgh, at Edinburgh, May 22, 1953. 
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10 volumes of absolute ethyl ether, and finally crystallized from acetic 
acid. Earlier work had shown that this method of isolation gives chemi- 
cally pure material (3, 4, 6). However, since approximately 50 per cent 
of the initial glucuronolactone-C™ is excreted unchanged within 24 hours 
after injection (7), there was a risk that the vitamin might be contaminated 
by traces of glucuronic acid. This problem was especially serious since the 
specific activity of the unmetabolized glucurone was higher than that of 
the ascorbic acid synthesized. 

Preliminary experiments made it possible to estimate the initial radio- 
active contamination of ascorbic acid isolated from a glucurone-injected 
animal. Two non-radioactive 1 day urine samples were collected from 
Chloretone-stimulated albino rats. To one, uniformly labeled glucurono- 


TABLE I 
Purification of Isolated Ascorbic Acid 
The values are given in counts per minute per mg. 








Sample from 














Activity | abide 
Rat M-11 | Rat M-3 
Doc oid re a oc vases x04, so 0 es oe Oe 463 404 
Plus one recrystallization....................... 347 
‘¢ two recrystallizations...................... 314 
After rerunning through column.................. 306 286 
Plus one recrystallization....................... 276 261 


two recrystallizations...................... 265 





lactone-C" (3.5 mg.) was added; then ascorbic acid was isolated after add- 
ing 300 mg. as a carrier. The isolated vitamin had only 3.3 + 0.3 ¢.p.m. 
per mg., due to contamination. After recrystallization from ethanol-lig- 
roin, the activity dropped to zero. Glucuronolactone therefore did not 
prove to be a serious contaminant. The lactone is relatively stable at 
room temperature and hence was not adsorbed by the weakly basic anion 
exchange column. 

The sodium salt of the free acid, formed by titration of 3.44 mg. of the 
glucurone-C" with NaOH, was added to the second urine sample. The 
ascorbic acid then isolated showed 51 + 4 ¢.p.m. per mg. After recrystal- 
lization it still retained 17.5 + 0.3 ¢.p.m. permg. Hence, there was danger 
of contamination by free glucuronate in the urine. In the purification of 
the ascorbic acid isolated after the injection of glucurone-C", use was made 
of the fact that glucuronic acid crystallizes mostly as a lactone (8). Re- 
running the crystalline material through the anion exchange column re- 
moved the contaminant very efficiently. 
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From the data in Table I, it is evident that the ascorbic acid from Rat 
M-11 lost less than 10 per cent of its activity during the last crystallization 
and that the product from Rat M-3 had reached constant activity. Addi- 
tional evidence of the radioactive purity of the ascorbic acid is furnished 
by the results of the cleavage of the isolated ascorbic acid. Two of the 
products formed by the cleavages, oxalic acid and formaldehyde, could 
not have come from glucuronic acid. They account for half of the car- 
bons of ascorbic acid and contained 49.5 per cent of its total radioactivity. 


TaBLeE II 
Paper Chromatography Tests of Radioactive Ascorbic Acid and Glucurone 














Ascorbic acid in spot Isolated C'-free | Isolated | C'-free | Isolated C-free 
Activity* (45.7, 42.0] 0.7 | 39.2 | 10.1} | 38 | (lit 
Free acid, Free acid, | Lactone, | Lactone, Lactone, Lecteen, 





Glucurone in spot Cfree’ [C-labeled C'-free’ | C'“labeled | C'tfree’ | C-labeled 


pe a | silicon pie SS Pay Sree = 
Activity in glucurone or | 1.4, 0 40.9 | 2.6 41 1 











| 22 
glucuronic acid spot* | | | 
- ee | _ _ — } _ —_— Mu 
Solvent 1:1:1 n-amyl aleco- | Upper layer of | sym-Collidine 
hol, acetic acid, | 4:1:5n-buta- | saturated with 
and water ' nol, acetic | water 
acid, and wa- | 
ter 








* Counts per minute, uncorrected for geometry or absorption of paper. 
{ Due to partial overlapping of spots. 

t Due to trailing of the glucurone spot resulting from continuous opening of the 
lactone in the basic solvent. 


Further evidence that the activity in the isolated ascorbic acid was not 
present as a glucuronic acid or glucuronolactone contaminant was obtained 
by paper chromatography (8,9). 0.5 mg. of the isolated, purified ascorbic 
acid in 5 yl. of water was placed on a strip of Whatman No. | filter paper 
about 6 cm. above the level at which the paper would dip into the solvent. 
When the spot dried, a 5 yl. solution of 10 y of non-radioactive glucurono- 
lactone was superimposed on it. Next to it, a similar spot, containing 0.5 
mg. of non-radioactive ascorbic acid and 10 y of glucuronolactone-C" di- 
luted with carrier, was placed, and about the same radioactivity as the first 
spot was obtained. The second spot was intended to simulate the con- 
dition by which all the activity in the ascorbic acid was due to contamina- 
tion and to demonstrate the extent of the separation possible. Develop- 
ment of the chromatogram was carried out in an atmosphere of COs, or 
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Nz in the case of a basic solvent. The dried strip was then dipped into a 
solution of silver nitrate in acetone (10). The ascorbic acid spot appeared 
instantly. The redried strip was sprayed with NaOH in ethanol to develop 
the glucuronolactone spot. Then the strip was cut into sections small] 
enough to be placed in the Q gas counter, and the radioactivity in each 
section was determined. 























TaBie III 
Activity in Each Carbon of Ascorbic Acid Formed after Injection of Uniformly Labeled 
Glucurone 
Carbon Rat M-11 Rat M-3 Theory 
per at Pa per cent om, “aa 
1+ 2 29.6 28.9 33.3 
3 15.8 16.1 16.7 
4+5 33.2 | 32.5 | 33.3 
6 19.9 20.5 16.7 
MINING. diy cases paaw'n ees 98.5 98.0 100.0 
TABLE IV 


Radioactive Yields of Ascorbic Acid from Glucurone and Glucose 








Radioactive precursor Rat No. Conversion 
per cent 
FE occ ccccvccsccaesvecees H-18 0.79 
tt AOE Se, ee ee H-14 0.51 
ge EE MOORE Sree er Ae H-13 0.36 
Glucose-6-C™.....................000. M-7 0.47 
RS I re ner ee ee eee M-6 0.53 
Glucuronolactone-C"™................ M-11 2.01* 
MOON JAG es wis ek M-3 1.91* 


* Based on C' content after recrystallization to constant activity. 





The same procedure was followed with free glucuronic acid. The latter 
was prepared by titrating the lactone with NaOH and passing the resulting 
solution through a cation exchange column. 

The results (Table II) show that not more than 5 per cent of the activity 
of the ascorbic acid could have been due to contamination by glucurone 
or glucuronic acid. 

A 25 mg. sample of ascorbic acid isolated from each animal was subjected 
to partial cleavage (4,5). Treatment with iodine in basic solution yielded 
oxalate representing carbons 1 and 2. The remaining solution was treated 
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with periodate to yield carbon 3 as COs, carbons 4 and 5 as formate, and 
carbon 6 as formaldehyde (Tables III and IV). 


DISCUSSION 


The evidence is thus clear that glucuronic acid is a direct precursor of 
ascorbic acid. Apparently no chain fragmentation occurs either in this 
conversion or in the conversion of glucose to glucuronic acid. 

These results are in agreement with the finding that glucose, labeled 
uniformly or only in position 1 or 6, is converted both to glucuronic acid 
and to ascorbic acid without major changes in the distribution of C™. 
The radioactive conversion yields reported here for glucurone are 4 times 
as large as those for glucose. The result is even more striking when one 
considers that one-half of the initial glucurone was excreted unchanged in 
the urine, whereas glucose is metabolized almost completely. It indicates 
that glucurone is closer than glucose to ascorbic acid along its route of 
synthesis, since, of the quantity metabolized, the conversion to ascorbic 
acid (approximately 4 per cent) is 8 times greater in the case of glucurone. 

The pathway we propose for ascorbic acid synthesis is shown in the ac- 
companying reaction. 


H—C=0 H—C=0 H,C—OH 
H—C—OH H—C—OH H—C—OH 
| (zero net 
HO—C—H (—4H) HO—C—H oxidation) -—C—H 
H—C—OH H—C—OH ‘on 
| Oo | 
H—C—OH H—C—OH C—OH 
| 
H.C—OH COOH — C=O 
Glucose Glucuronic acid Ascorbic acid 
(1D (ID (IID 


The net conversion of I to IT in animals has been demonstrated in other 
laboratories (11-13) also, and the paper by Isherwood et al. (13) gives ex- 
tensive evidence of similar reactions in plants, including the origin of III. 
The likelihood of glucose being converted fairly directly to ascorbic acid 
in plants was strongly suggested by the early observations of Reid (14). 
The reduction at carbon 1 of glucurone is similar to many known reaction 
systems in nature (15). The conversion of IT to III can occur stepwise en- 
zymatically, and might not require more than one enzyme. Oxidation at 
carbon 5 of glucurone is very similar to the formation of ketogluconic acid 
in bacteria (16), yeast (17), and liver (18), and to the well known conversion 
of sorbitol to sorbose. However, a one-step, acid-base type intramolecular 
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oxidation-reduction and enolization might proceed enzymatically as fol- 








lows: 
O 
Pe 
O —C 
| 
C——C—H — B— 
/ | p4 
/ OH , 
"> 2 Roof 
H \] |Z 
C——C<— HA 
| »* 
OH OH 


p-Glucuronic acid-y-lactone 








O 
VA 
o—cCc 
H 
| 
c—cC + HB 
\ 
ol hs ’% 
Cc O — 
\. H H 


OH H 











O 
VA 
O——C 
™ 
Cc C 
| | 
/ OH OH 
H—C 
> 2 H 
NI | 
C C—OH 
| | 
OH H 


L-Ascorbic acid 


SUMMARY 


1. The conversion of uniformly labeled glucuronolactone-C" to C“-ascor- 
bic acid in the albino rat has been demonstrated. 

2. The yield in terms of C“ from glucuronolactone was 4 to 8 times 
greater than from glucose in similar experiments, and the ascorbic acid 
isolated retained the initial distribution of C“, thus demonstrating a se- 
quence of steps from p-glucose to L-ascorbic acid via an intermediate syn- 


thesis of p-glucuronic acid. 
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PURIFICATION AND PROPERTIES OF A B-HYDROXYSTEROID 
DEHYDROGENASE* 


By PAUL TALALAY{ anp MARIE MOLLOMO DOBSON 


(From the Ben May Laboratory for Cancer Research, the University of Chicago, Chicago, 
Illinois, and the Medical Research Council Unit for Chemical Microbiology, 
School of Biochemistry, University of Cambridge, Cambridge, England) 


(Received for publication, June 5, 1953) 


Certain species of Pseudomonas may utilize testosterone and related 
steroids as sole sources of carbon (1-3). “Resting” cell suspensions of 
these bacteria carry out vigorous oxidative degradation of such steroids by 
means of adaptive enzymes. A study of the mechanism of this process has 
led to the characterization of one enzymatic step: the reversible intercon- 
version of 36- and 178-hydroxysteroids and their respective ketosteroids 
by a DPN'-linked dehydrogenase (1). The purification and spectrophoto- 
metric assay of this enzyme are reported here, together with information 
on kinetics, substrate specificity, and competitive inhibition by other ster- 
oids. Consideration is also given to a sensitive enzymatic assay of selected 
groups of steroids. 

The metabolism of androgenic steroids by mammalian enzymes has been 
recently reviewed (4, 5). Samuels et al. (6) have demonstrated that slices 
and crude homogenates of liver and kidney catalyze the aerobic conversion 
of testosterone to 17-ketosteroids and the disappearance of the ultraviolet 
absorption due to the a,f8-unsaturated ketone group. The formation of 
17-ketosteroids is stimulated by the addition of DPN. A concentration 
of the steer liver enzyme converting testosterone to 4-androstene-3 ,17- 
dione has been described (7), and the requirement for DPN demonstrated. 
Conversion of A*-38-hydroxysteroids to A‘-3-ketosteroids has been claimed 
to occur in crude homogenates of certain endocrine tissues fortified with 
DPN, but not in liver or other organs (8). 

Interest in microbiological transformations of steroids was stimulated by 
Mamoli and Vercellone (9) who demonstrated the conversion in approxi- 
mately 80 per cent yield of 4-androstene-3 , 17-dione to testosterone by fer- 


* These investigations were supported by grants from the American Cancer So- 
ciety, recommended by the Committee on Growth of the National Research Council, 
and by the Jane Coffin Childs Memorial Fund for Medical Research. 

+ Senior Assistant Surgeon, United States Public Health Service; assigned from 
the National Cancer Institute, Bethesda, Maryland, to the University of Chicago. 

! The following abbreviations are used in this paper: DPN = diphosphopyridine 
nucleotide; DPNH = reduced diphosphopyridine nucleotide; TPN = triphosphopyr- 
idine nucleotide. 
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menting yeast (or possibly by bacteria contaminating the yeast). Mamolj 
(10) and subsequently Wettstein (11) studied the reduction of estrone to 
178-estradiol by fermenting yeast. More recently, the reverse reaction 
was described by Heusghem and Welsch (12) who demonstrated that rest- 
ing cell suspensions of certain species of Streptomyces carried out the quan- 
titative conversion of 178-estradiol to estrone. Microbiological oxidation 
of 3-hydroxysteroids has likewise been observed in the conversion of dehy- 
droepiandrosterone (13) or 5-androstene-3 , 17-diol (14) to 4-androstene-3,- 
17-dione by yeast under aerobic conditions. The reduction of 3-ketoster- 
oids proceeded less rapidly and completely than that of 17-ketosteroids, 
especially with increasing length of the side chain at position 17. 


Methods and Materials 


Microorganism—A species of Pseudomonas was used in these investiga- 
tions (1). 

DPN—Approximately 60 per cent pure DPN was obtained commer- 
cially, and further purification was accomplished by adsorption on a Dowex 
1 formate column and elution with formic acid according to an unpublished 
procedure of A. Kornberg and B. L. Horecker. The purity of the final 
preparations was measured enzymatically with alcohol dehydrogenase by 
the method of Racker (15) and was in excess of 80 per cent on a weight 
basis, without special] precautions to dry the material. The molecular 
extinction coefficient for pure DPNH was assumed to be 6220 (16). The 
purified DPN was stored frozen, and solutions were prepared by dissolving 
the requisite amount in water and neutralizing with NaHCOs. 

Testosterone—U. S. P. grade testosterone was incorporated into the 
growth medium without additional purification. For spectrophotometric 
measurements, further purification was carried out by two crystallizations 
from ethyl! acetate, followed by a sublimation in vacuo (0.001 mm. of Hg 
at 118°). The final product had a melting point of 154.5-155° (corrected) 
and a specific rotation of [a] +111.7° (1.95 gm. per 100 ml. of ethanol 
solution). 

Solutions of testosterone were prepared either in methanol or in water. 
Saturated aqueous solutions were prepared by adding an excess of finely 
ground testosterone to water and bringing the solution to 100° for 1 minute. 
After cooling to room temperature, the turbid suspension was centrifuged 
for 10 minutes at 2000 X g to give a clear supernatant solution containing 
25 to 30 y of testosterone per ml. The precise testosterone concentration 
of such solutions was determined spectrophotometrically. The molecular 
extinction coefficient of purified testosterone in methanol was found to be 
e = 15,600 at the absorption peak Amex. = 240 to 241 my. In water the 
peak shifted considerably toward longer wave-lengths, \max. = 250 to 25] 
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my and e = 16,200. These values checked closely with those determined 
by Dannenberg (17). 

Other Steroids—The identity of all steroids was checked by melting point 
and specific rotation, and, when necessary, additional purification was 
carried out by crystallization and sublimation. The physical constants of 
samples used were in good agreement with those recorded in the literature. 

Solvents—Common solvents were redistilled reagent grade materials. 
Formamide was distilled at 98-101° and 14 mm. of Hg. Commercial 
hexane was treated with concentrated sulfuric acid, followed by alkaline 
potassium permanganate, and then distilled through a fractionating column. 

Growth, Harvesting, and Enzyme Extraction—The microorganisms were 
grown in 5 to 10 liter batches in well aerated liquid cultures containing 5 
gm. per liter of yeast extract (Difco) and 0.5 gm. per liter of testosterone 
on a mineral medium.2 The testosterone was finely ground with a small 
portion of the medium and the entire mixture autoclaved for 10 minutes 
at 15 pounds per sq. in. of steam pressure, The cultures were grown on a 
platform shaker at 30° and harvested after 10 to 15 hours, at the time when 
the testosterone-oxidizing enzyme activity was at a maximum.? The en- 
tire culture was then filtered through Whatman No. 40 filter paper on a 
large Biichner funnel in order to retain unused testosterone and precipi- 
tated salts. 

The cells were harvested from the filtrate by passage through a Sharples 
continuous supercentrifuge. They were washed twice with 0.03 m phos- 
phate buffer, pH 7.2, by centrifugation. The resultant cell paste was then 
mixed with 2 to 3 times its wet weight of levigated grinding alumina (Nor- 
ton Abrasive Company) in a cold mortar and the chilled mass gently 
ground for approximately 2 to 3 minutes according to the method of 
MclIlwain (18). The mixture was extracted with two portions of 0.03 m 
phosphate buffer, pH 7.2, and the extracts pooled (total volume approxi- 
mately 3.to 5 times the wet weight of the cells). These extracts were 
used for the purification procedure described below. Centrifugation at 
10,000  g for 15 minutes at 0° resulted in a sharp separation of the clear 
straw-yellow supernatant fluid from particulate matter, cell envelopes, and 
alumina. 

Spectrophotometric Assay—The enzyme activity was measured by the 
rate of reduction of DPN at 340 mu in a Beckman spectrophotometer, with 
cuvettes of 1 em. light path. The lamp housing was water-cooled, and 
enzymatic reactions were run in a compartment in which the temperature 
was regulated by means of Beckman “‘thermospacers”’ through which water 
at 24-25° was circulated. The temperature of the reaction cell could in 
this manner be maintained within +0.5° or less. 


2 Talalay, P., and Dobson, M. M., to be published. 
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The reaction mixture consisted of 0.6 ml. of 0.166 m sodium pyrophos- 
phate buffer, pH 9.0, 1.0 ml. of saturated aqueous solution of testosterone 
containing approximately 25 to 30 y (about 0.1 um) of testosterone (or 0,1 
ml. of a methanolic solution of testosterone containing 25 y), 0.1 ml. of 
solution of DPN (about 0.48 um), and 0.05 to 0.10 ml. of appropriate dily- 
tions of the enzyme. The volume was made up to 3.0 ml. with water, 
Unless otherwise indicated, the reaction was initiated by the addition of 
enzyme. Measurements of the optical density were made, at 1 minute 
intervals, against a blank cell containing all components except testosterone, 
The enzyme activity was measured in terms of the rate of optical density 
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Fig. 1. Proportionality of initial reaction rate to enzyme concentration. Condi- 
tions described under ‘‘Spectrophotometric assay.”’ 





change with time at 340 my. 1 unit of enzyme activity was defined as a 
change of logio Io/J = 0.001 per minute in a 1.00 cm. cell at 25° + 0.5° 
and pH 9.0. Rates were calculated from zero order reaction curves. For 
density changes of 0.020 per minute or less, the rate of reaction was propor- 
tional to the amount of enzyme (Fig. 1). 

Protein Determinations—The protein content of crude extracts was meas- 
ured by the turbidimetric method of Stadtman e/ al. (19), by means of 
a calibration curve made with crystalline bovine serum albumin. The 
light absorptions at 260 and 280 my were determined at each step of purifi- 
cation in 0.03 m phosphate buffer, pH 7.2. With progressive purification 
of the enzyme, the ratio 280:260 increased, and, when it exceeded 0.95, 
calculations of the protein concentration were made by use of the Kalckar 
formula (20). 
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Paper Chromatography of Steroids—Ascending or descending paper chro- 
matography was used for identification of steroids and reaction products. 
Whatman No. 43 paper was impregnated with formamide by applying a 
mixture of equal volumes of formamide and methanol, blotting, and drying 
at room temperature. The moving phase consisted of a mixture of equal 
volumes of hexane and benzene. The positions of a,8-unsaturated ketonic 
compounds were detected by visual inspection of the fluorescence with 
ultraviolet light and a fluorescent screen; other steroids were detected by 
treating the paper with a saturated solution of antimony trichloride in 
chloroform (21). With this system testosterone (Re = 0.39), 4-andro- 
stene-3,17-dione (Ry = 0.70), and dehydroepiandrosterone (Rr = 0.59) 
could be readily separated from each other and a number of related steroids. 


Results 


Enzymatic Activities of Cell-Free Extracts—Extracts of testosterone- 
adapted cells contained a number of enzymes. By spectrophotometric 
methods, it was possible to demonstrate the reduction of DPN by ethanol 
and methanol and the presence of certain enzymes of the tricarboxylic 
acid cycle such as fumarase, isocitric dehydrogenase, and malic dehydro- 
genase. In the presence of testosterone or related hydroxysteroids, these 
cell-free extracts catalyzed a rapid reduction of DPN, whereas in the ab- 
sence of substrate there was a relatively slow endogenous reduction of the 
pyridine nucleotide. TPN could not act as an acceptor for the oxidation 
of hydroxysteroids by the enzyme. 

Cell-free extracts of bacteria grown in the absence of steroids contained 
virtually no hydroxysteroid dehydrogenase. The adaptive enzyme was 
induced by the addition of testosterone, dehydroepiandrosterone, or 4- 
androstene-3 ,17-dione to the growth medium. These compounds were 
oxidized at the same rate by washed whole cell suspensions, independently 
of which steroid was used in the growth medium. Crude extracts of cells 
grown on each of the three steroids contained the hydroxysteroid dehy- 
drogenase. 

Enzyme Purification—All operations were carried out as close to 0° as 
possible. The pooled extracts in 0.03 m phosphate buffer, pH 7.2, were 
clarified by recentrifugation in the cold for 10 minutes at 10,000  g and 
then fractionated according to the following scheme: (1) Ammonium sul- 
fate precipitation at 33 to 50 per cent saturation. (2) The precipitate was 
redissolved and protamine sulfate added to remove nucleic acids. (3) The 
supernatant fluid from the protamine sulfate precipitation was then sub- 
jected to two subsequent ammonium sulfate fractionations. 

In a typical preparation, 7.2 liters of filtered culture medium (0.71 mg. 
of dry weight per ml.) were harvested by continuous centrifugation. The 
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cell paste was washed twice with 0.03 m phosphate buffer, pH 7.2. The 
total wet weight of the cells was 22 gm. 55 gm. of alumina were added, 
and the mixture was ground in a chilled mortar and extracted with 150 
ml. of 0.03 m phosphate buffer, pH 7.2, in two portions (Fraction A, Table 
I). Saturated, cold ammonium sulfate (neutralized with ammonium hy- 
droxide) was then added slowly to 33 per cent saturation. The precipitate 
was removed by centrifugation and the saturation of the supernatant fluid 
increased to 50 per cent by the further addition of saturated ammonium 
sulfate solution. After standing overnight, the precipitate was centrifuged 
and dissolved in 50 ml. of water (Fraction B). To this were added 10 ml. 
of a solution of protamine sulfate (Lilly) containing 20 mg. per ml., pH 


TasB_eE [ 
Purification of Enzyme 























Protein : Tn. — ‘ 
Fraction Volume leoncen- | otal, [Activity] act, [oRecins | atic 
mt. | P] om. | gems | its | is. 
A. Initial extract 149 | 8.75 | 1304 1500 | 224,000 | 188 | 0.52 
B. 33-50% (NH,)2SO, ppt. 50 | 7.05 | 353 4670 | 235,000 | 663 | 0.54 
C. Supernatant from prota- 63 | 1.91} 120 1960 | 123,500 | 1021 | 1.30 
mine sulfate ppt. 
D. 30-40% (NH,)2SO, ppt. 15 | 2.58 38.7 | 8000 | 120,000 | 3100 | 1.56 





Enzyme assays and protein determinations were carried out as described under 
‘‘Methods and materials.’’? Aqueous testosterone solutions were used for Fractions 
A and B, but following the protamine step, the absence of DPN reduction by meth- 
anol permitted the more convenient addition of testosterone in methanol. 


6.4. The copious precipitate was again permitted to accumulate and re- 
moved by centrifugation. To the supernatant solution (Fraction C), am- 
monium sulfate was added slowly to 30 per cent saturation and the precipi- 
tate discarded. The saturation of the supernatant fluid was then increased 
to 40 per cent and the precipitate collected on the centrifuge and dissolved 
in 15 ml. of water (Fraction D). A third, careful ammonium sulfate pre- 
cipitation increased the purity of the product only slightly. Attempts to 
purify the enzyme further by adsorption on calcium phosphate gel and 
fractional elution with phosphate buffers of increasing ionic strengths pro- 
duced at most a 2-fold increase in purity. The most purified preparations 
exhibited specific activities of about 4800 units per mg. of protein, repre- 
senting 25- to 50-fold purifications with preservation of 40 to 50 per cent of 
the initial enzyme activity. 

Effect of pH on Reaction Equilibrium—The enzyme activity and reaction 
equilibrium were markedly sensitive to changes in pH, as already pointed 
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The out for other reactions catalyzed by DPN-requiring enzymes (15). The 
Jed, influence of hydrogen ion concentration on the equilibrium of the following 
150 } reaction was studied. 


hy- Testosterone + DPN = 4-androstene-3,17-dione + DPNH + H+ 


tate Measurements were carried out in orthophosphate and pyrophosphate buf- 
luid | fers between pH 6.1 and 9.2 at 25.5° with a large excess of enzyme in order 
ium | to attain equilibrium rapidly. The spectrophotometer cuvettes contained 
ged | 100 um of buffer, 0.483 um of DPN, 0.173 um of testosterone in 0.1 ml. of 
ml. | CH;OH, and 0.24 mg. of enzyme in a total volume of 3.0 ml. Equilibrium 
pH | constants were designated in accordance with the suggestion of Racker (15) 
as follows: 


[4-androstene-3, 17-dione][DPN rea.] 








' [testosterone][DPN.x.] 
*~) a [4-androstene-3, 17-dione][DPNH][H*] 
ee il [testosterone][DPN] 
A logarithmic plot of k against the pH was linear (Fig. 2), and calculation 
a of kw gave an average value of 3.60 X 10-*. Increasing the pH of the 
30 solution favored the complete oxidation of steroid as well as higher enzyme 
activity. For purposes of assay of DPN or testosterone, the equilibrium 
56 was practically completely in favor of the forward reaction at pH 9.0. 
a Enzyme Stability; Protection by DPN—Purified enzyme solutions slowly 
nder 


ions | lost activity at 4°, but were completely stable for at least 6 months at 
eth. | —10°. Dilute solutions of the purified enzyme (containing less than 1 mg. 
of protein per ml.) lost activity at 25°, and this instability was aggravated 
at high pH. Thus, preincubation of the diluted enzyme at 25° for 5 min- 
're- | utes at pH 9.0 resulted in loss of 80 per cent of the activity. DPN ex- 
am- | erted a powerful stabilizing action on the enzyme. 

‘ipi- In Fig. 3, the residual activity of a known quantity of enzyme, following 
sed | preincubation for 5 minutes at 25° and pH 7.2 and 9.0 in the absence of 
ved DPN, is compared with the activity of the same amount of enzyme when 
pre- this was used to initiate the reaction in the presence of DPN. Evidently, 
sto | considerable inactivation occurred during the preincubation at pH 9.0 in 
and the absence of DPN, whereas this was negligible at pH 7.2. It is also seen 
pro- that the reaction rate was much slower at pH 7.2 than at pH 9.0. Efficient 
ions | protection required not merely trace amounts of DPN, since solutions con- 
pre- taining 0.01 wm per ml. of DPN did not protect the enzyme and protection 
tof | was observed only when concentrations reached 0.1 um per ml. or higher. 
Sulfhydryl reducing agents such as cysteine and glutathione did not 
tion | efficiently stabilize the enzyme. Each of these compounds in final concen- 
ited | trations of 0.005 m or 0.01 m did not prevent rapid enzyme inactivation at 
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pH 9.0 and 25°, conditions under which DPN exercised a profound pro- 
tective effect. Bovine serum albumin, 1 to 5 mg. per ml., and Versene 
(ethylenediaminetetraacetic acid), 50 parts per million, provided only slight 
protection; 7.e. 10 to 25 per cent of the efficiency of DPN. 
p-Chloromercuribenzoate in a concentration of 10-5 m inhibited the ae- 
tivity 65 per cent if the enzyme was briefly preincubated with this reagent. 


2 ; 





——LOG jo K 
oO 








-2 a ma 

6.0 7.0 8.0 9.0 

Fig. 2. Influence of pH on the equilibrium of conversion of testosterone to 4- 
androstene-3, 17-dione, showing proportionality between log) k and pH. 





If DPN was added to the enzyme prior to the preincubation with p-chloro- 
mercuribenzoate, the inhibitory effect was virtually abolished. 

Stabilization of the enzyme could also be demonstrated by the addition 
of certain substrates. Preincubation at 25° and pH 9.0 in the presence or 
absence of testosterone or dehydroepiandrosterone resulted in the same loss 
of enzyme activity, whereas 178-estradiol, which itself is a substrate, was 
a strong protector. 

Assay of DPN or Steroids—With limiting amounts of DPN and excess of 
other reactants, the nucleotide could be conveniently assayed enzymati- 
cally, provided the pH was sufficiently alkaline so that the equilibrium point 
was in favor of complete reduction of the coenzyme. Small amounts of 
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testosterone could be assayed under similar conditions when DPN was pres- 
ent in excess. Fig. 4 shows a plot of the equilibrium density of the reduced 
DPN against the amount of testosterone added to the reaction mixture. It 
can be clearly seen that there is an equimolar relation between the amount 
of testosterone oxidized and the amount of DPN reduced. In a 3 ml. 
volume 1 to 2 y of testosterone (about 0.005 um) could be measured with 
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Fia. 3. Inactivation of enzyme in the absence of DPN. The reaction cuvettes 
contained 100 um of pyrophosphate buffer, pH 9.0, or orthophosphate buffer, pH 7.2, 
25 y of testosterone, 0.48 um of DPN, and 50 y of enzyme in a volume of 3.0 ml. In 
the two upper curves the enzyme was used to initiate the reaction, whereas in the 
lower curves the enzyme was preincubated in the absence of DPN for 5 minutes at 
25° and the reaction initiated by adding DPN. 


accuracy, and the method is subject to refinement in sensitivity with micro 
cells containing smaller volumes. 

Identification of Product—The following incubation mixture was used for 
a large scale experiment: 10 ml. of aqueous solution of steroid (containing 
1.0 um), 1.0 ml. of 0.5 m phosphate buffer, pH 8.4, 0.5 ml. of enzyme extract, 
0.5 ml. of DPN (1.4 uo), and 3.0 ml. of H,O. The reaction was run at 
25° for 20 minutes, and the mixture then extracted three times with 5 ml. 
of ethyl acetate. The combined extracts were dried over anhydrous so- 
dium sulfate, filtered, reduced to dryness in vacuo, dissolved in 0.5 ml. of 
CH;OH, and 0.1 ml. was used for paper chromatography. Under these 
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conditions, the principal oxidation product of testosterone, dehydroepi- 
androsterone, and 5-androstene-38 ,178-diol was 4-androstene-3 , 17-dione, 
Dismutations also occurred under these conditions; thus, dehydroepian- 
drosterone was converted not only to 4-androstene-3 ,17-dione but also to 
testosterone. 





JAM TESTOSTERONE 





0 01 02 03 
080 } 
> | 
g 
Riis 1.03 
5 

Zz 
= 
o-4 ras 
3 
> 
= 040+ 028 
& . 
5 = 
ss rs 
5 
| ol 











% 1234 5 678 9 10 
——>MICROGRAMS TESTOSTERONE IN 3ML 

Fia. 4. Enzymatic assay of testosterone. The experimental points represent the 
equilibrium optical density of DPNH plotted against the amount of testosterone 
added to the spectrophotometer cuvette (3 ml. volume; 1 em. light path). The line 
was drawn for an equimolar relation between micromoles of testosterone and micro- 
moles of DPNH. Experimental conditions as described under ‘‘Spectrophotometric 
assay.”’ 


Substrate Specificity—The specificity of the reduction of DPN by the 
purified enzyme in the presence of a variety of substrates has been partly 
defined. All substrates were added in methanol which, in concentrations 
up to 10 per cent in the presence of DPN, neither inactivated the enzyme 
nor reduced DPN. 

The following simple aliphatic and cyclic alcohols did not participate in 
the reaction: methanol, ethanol, propan-2-ol, cyclopentanol, and cyclo- 
hexanol. In Table II the rates of enzymatic oxidation of 38- and 178- 
hydroxysteroids as measured by the formation of DPNH are given relative 
to that of testosterone. In the case of compounds having two reactive 
hydroxyl groups, the over-all rate of reduction of DPN was measured. 
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Other steroids with potentially oxidizable hydroxyl groups did not react. 
Thus cholesterol and the adrenal cortical hormones desoxycorticosterone, 
cortisone, and 17-hydroxycortisone (Kendall’s Compound F) all resisted 
oxidation. a-Hydroxysteroids such as epitestosterone, androsterone, and 
17a-estradiol were likewise inert. The phenolic hydroxyl groups of es- 
trogens were not attacked; estrone and 17a-estradiol were resistant to 
oxidation, and the amount of reduced DPN at equilibrium with 178-estra- 
diol indicated the oxidation of only a single hydroxy] group. Both hy- 
droxyl groups of 5-androstene-38 ,178-diol underwent oxidation, whereas 
equilibrium data indicated that only one hydroxyl group in 17a-methyl-5- 
androstene-36 ,178-diol was oxidizable. 








TaB.e II 
Relative Rates of Enzymatic Oxidation of 3B- and 178-Hydrozxysteroids 
Steroids Relative rates of oxidation 

IN or icc cates ic 2% Hwan dclnta Meneiawia ie oa. eae 100 

5-Androstene-36, 178-diol . -steaaed chi ac Bad ell 79.0 
Androstan-178-ol-3-one (dihy dveteshesteedes) Mis: (+. 46.5 
Androstan-38-ol-17-one (epiandrosterone). . , 35.4 
5-Androsten-38-ol-17-one (dehydroepiandrosterone) Bix 23.6 
5-Pregnen-36-ol-20-one......... tae ON Pe cee vk Pek 17.5 
178-Estradiol....... ek ici Mar-ikch - 17.2 
l7a-Methyl-5- nadvestone- 3B, 178- diol. Lig - WRPOF ¥ ser 11.0 





The rates were ecalculated from zero order reaction curves. The rate of formation 
of DPNH was measured spectrophotometrically at 340 my and 25° in a 3 ml. system 
containing 100 um of pyrophosphate buffer, pH 9.0, 25 y of steroid dissolved in 0.1 
ml. of CH;0OH, 0.48 um of DPN, and 0.1 ml. of enzyme. 





Reduction of Ketosteroids with DPNH—DPNH prepared by the method 
of Gutcho and Stewart (22) was reoxidized in the presence of certain 17- 
ketosteroids and purified preparations of the dehydrogenase at pH 6.3. 
The reduction of the 3-keto group of testosterone occurred relatively slowly 
under such conditions. The 17-keto group of androsterone was readily 
attacked, although the 3a-OH group of this compound could not be oxidized 
by the enzyme and DPN. Apparently a reactive group at position 3 was 
unnecessary for binding of the substrate to the enzyme surface, since 
androstan-17-one, which lacks such a group, was reduced quite readily. 
Progress curves of the enzymatic oxidation of reduced DPN by various 
steroids are shown in Fig. 5. 

Inhibition of Enzyme Reaction—Preliminary investigations of the inhibi- 
tion of the oxidation of testosterone by structurally related compounds 
have been carried out. The oxidation of testosterone was powerfully and 
competitively inhibited by 17a-estradiol. 50 per cent inhibition of the 
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reaction at pH 9.0 was obtained, with a ratio of substrate to inhibitor of 
2.5 to 3.0. 17a-Estradiol also inhibited the oxidation of 176-estradiol, 
Stilbene derivatives such as diethylstilbestrol or meso-hexestrol were 
likewise powerful inhibitors of testosterone oxidation. _ a-Hydroxysteroids 
other than 17a-estradiol did not interfere with the oxidation of their g 
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Fig. 5. Time curve for reduction of 17-ketosteroids by DPNH. The rate of oxi- 
dation of DPNH was measured at 25° in a 3 ml. system containing 100 um of phos- 
phate buffer, pH 6.3, 50 y of steroid dissolved in 0.1 ml. of CH;OH, 0.68 um of DPNH, 
and 58 y of enzyme (specific activity 3100 units per mg.). Optical densities were 
measured at 1 minute intervals against a blank cell containing all the components 


except steroid. M@, 4-androstene-3,17-dione; O, androsterone; A, androstan-17- 
one; @, epiandrosterone. 








5 


epimers. | Thus in equimolar quantities, androsterone (androstan-3a-ol-17- 
one) did not inhibit the oxidation of epiandrosterone (androstan-38-ol-17- 
one), nor did epitestosterone (4-androsten-17«-ol-3-one) inhibit the oxida- 
tion of testosterone (4-androsten-178-ol-3-one). 


DISCUSSION 


Adaptive enzymes of microorganisms provide a powerful tool for the 
study of selected enzymatic reactions. The dehydrogenase isolated from 
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testosterone-adapted Pseudomonas cells oxidizes 38- and 178-hydroxyster- 
oids with DPN as acceptor. These reactions can be demonstrated to occur 
stoichiometrically, for example, according to the following equations. 


(1) Testosterone + DPN = 4-androstene-3,17-dione + DPNH + H+ 
(2) Dehydroepiandrosterone + DPN = 4-androstene-3,17-dione + DPNH + H+ 
(3) 5-Androstene-38, 178-diol + 2DPN = 4-androstene-3, 17-dione + 2DPNH + 2H+ 


a-Hydroxysteroids do not participate in the reaction. All attempts to 
dissociate the 3- and 17-OH oxidizing activities have been unsuccessful. 
The relative rates of oxidation of testosterone and dehydroepiandrosterone 
are constant, independently of whether the enzyme is induced by growing 
the cells in the presence of testosterone, dehydroepiandrosterone, or 4- 
androstene-3 ,17-dione. The possibility exists that in mammalian tissues 
the 3- and 17-OH oxidizing activities, which have been considered enzymat- 
ically distinct (6, 8), are also associated witha singleenzyme. The 25- to 50- 
fold purified enzyme does not oxidize simple aliphatic or cyclic secondary 
alcohols and appears to be steroid-specific. The oxidation proceeds more 
slowly at position 3 than at position 17, and with increasing side chain 
length at position 17 the rate of oxidation of 38-hydroxy] groups decreases. 
Although a-hydroxyl groups are not oxidized, and do not appear to antag- 
onize the oxidation of 8 epimers (with the exception of 17a-estradiol), the 
a configuration does not prevent binding of the molecule to the enzyme 
surface, since the 17 keto group of androsterone is readily reduced by 
DPNH. In fact, no reactive site at position 3 appears necessary, since 
androstan-17-one participates in this reaction. 

DPN is a powerful stabilizer of the enzyme under conditions producing 
inactivation, such as elevated temperature, alkaline pH, or sulfhydry] bind- 
ing reagents. The protective effect of DPN on sulfhydryl enzymes has 
been known since the work of Rapkine (23), and these observations suggest 
that free sulfhydryl groups are necessary for activity. 

Significant protection of the enzyme is produced by certain steroid sub- 
strates such as 178-estradiol, whereas testosterone and dehydroepiandros- 
terone are relatively ineffectual. 178-Estradiol has a much greater affinity 
for the enzyme than has testosterone, as may be inferred from the reaction 
rates of mixtures of these steroids, although Michaelis constants are not 
available, since they are extremely low and their measurement presents 
certain technical problems. This may account for the protective effect of 
178-estradiol for the enzyme, and the tight binding of phenolic groups of 
the estrogens may likewise be responsible for the competitive inhibition of 
testosterone oxidation by 17a-estradiol, whereas other a-hydroxysteroids 
do not inhibit oxidation of B-hydroxysteroids. 

The enzyme 8-hydroxysteroid dehydrogenase produces interconversions 
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between such steroids, as is illustrated in Fig. 6. The major pathway of 
the oxidation of 5-androstene-38 ,178-diol to 4-androstene-3 ,17-dione re- 
mains to be determined. Similar types of reactions probably occur in 
analogous compounds of the androstane series. 

The possibility of using this enzymatic reaction for the assay of selected 
groups of steroids is being studied. The assay of 38- and 178-hydroxy- 
steroids, as exemplified by measurement of testosterone in amounts of 1 to 
2 y per 3 ml. system and 1 cm. light path, appears quite feasible. The 
sensitivity could be increased 10-fold by using micro cells. Since the reduc- 
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Fic. 6. Interconversions of steroids catalyzed by 6-hydroxysteroid dehydrogen- 
ase. I, testosterone; II, 4-androstene-3, 17-dione; III, dehydroepiandrosterone; IV, 
5-androstene-38, 17B-diol. 


tion of the 3-keto group at pH 6.3 proceeds so very much more slowly 
than that of the 17-keto group, the enzyme could probably be used for the 
assay of 17-ketosteroids. Preliminary experiments with biological mate- 
rials are being conducted. 


SUMMARY 


A DPN-linked dehydrogenase capable of reversibly interconverting cer- 
tain 38- and 178-hydroxysteroids and the respective ketosteroids has been 
extracted from Pseudomonas cells grown on testosterone. This enzyme has 
been purified twenty-five to 50 times and conditions for the spectrophoto- 
metric assay of activity have been described. It appears to require free 
sulfhydryl groups for activity and is rapidly inactivated at high pH. DPN 
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y of gxerts a strong protective effect, as do certain substrates such as 178- 
re- | estradiol, but not testosterone or dehydroepiandrosterone. Under suitable 
rin conditions, the enzyme performs stoichiometric conversion of steroids, such 
as the oxidation of testosterone to 4-androstene-3 ,17-dione. At alkaline 
cted pH the equilibrium is greatly in favor of such oxidation, whereas the reduc- 
OXY- tion of ketosteroids by reduced DPN readily occurs at lower pH. 3a- and 
1 to j7e-hydroxysteroids do not participate in the reaction and cannot inhibit 
The | the oxidation of their 8 epimers, with the exception of 17a-estradiol which 
duc- powerfully and competitively inhibits the oxidation of testosterone. The 
enzyme may be employed for the sensitive spectrophotometric assay of 
DPN, 38- and 178-hydroxysteroids, or ketosteroids in microgram quanti- 
ties. 


@ 
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nerve tissue. 
The mechanism by which phenylalanine is oxidized is unknown. 


this substance is formed. 


the over-all problem. 


Materials and Methods 
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THE UTILIZATION OF Lt- AND v-PHENYLALANINE BY THE 


(From the Laboratory for the Study of Hereditary and Metabolic Disorders and the 


An investigation of the oxidation of phenylalanine has been undertaken 
in this laboratory in connection with studies of the hereditary defect phen- 
ylketonuria (phenylpyruvic oligophrenia), in which the oxidation does not 
occur in the normal manner. The biochemical defect is accompanied by a 
profound impairment of mental functioning (2, 3). A knowledge of the 
details of the oxidation might lead to information as to whether the spe- 
cific oxidative process or an intermediate involved in the oxidation is 
concerned with normal mental functioning, or whether a failure in the oxi- 
dation results in the accumulation of a product which is detrimental to 


clusive proof that itis oxidized to tyrosine has been afforded by several lines 
of investigation (4-6), and it appears likely that this is the major pathway 
by which phenylalanine normally is catabolized in the mammalian or- 
ganism. Recently, reports have been made of the oxidation of phenylal- 
anine by various preparations in vitro (7-9), but none of these experiments 
clarifies the process by which phenylalanine is activated in the para posi- 
tion, the nature of the immediate oxidizing agent, or the manner in which 


Nutritional studies with the young white rat have been carried out in an 
initial approach to this problem. Experiments with some oxidized deriva- 
tives of phenylalanine and an attempt to use fluorine-substituted pheny]- 
alanines as inhibitors of the oxidation in the intact animal have been re- 
ported (10, 11). This paper presents and discusses results obtained in an 
examination of the nutritional availability of L- and p-phenylalanine and 
phenylpyruvic acid in growth experiments designed to give information on 


The experimental conditions and basal diets were the same as those used 
previously (11). Amino acids other than phenylalanine were obtained 


* This research was supported by a grant from the United States Public Health 
Service. A preliminary report was presented at the meetings of the American So- 
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from commercial sources and required no further purification. p-Phen- 
ylalanine was prepared by several methods in order to avoid the possibility 
that a contaminant was responsible for the poorer growth observed when 
it was included in diets. These methods included recrystallization of a 
commercial product (Hoffmann-La Roche), inversion of L-phenylalanine 
via l-a-bromohydrocinnamic acid (12), and resolution of N-acetyl-pL-phen- 
ylalanine as the brucine salt! and by asymmetric synthesis of the L-phen- 
ylhydrazide by papain (13). Commercial L-phenylalanine was used; it was 
necessary to recrystallize the material wastefully, since occasional batches 
contained an impurity which caused progressively poorer growth with 
higher levels in the diet. Phenylpyruvic acid (14) was recrystallized from 
benzene just prior to its incorporation into the diets. 

Young albino rats (Sprague-Dawley) with an initial weight of 50 to 55 
gm. were used. For the first experiments (Tables I and II) the rats were 
litter mates; since a considerable difference was observed in the rate of 
growth of males and females from the same litter on diets which promoted 
good growth (Table II), only male animals were used subsequently. 

The results (Tables I to V) list the gain in weight? of young animals for 
a 25 day experimental period, after a 5 day initial period during which the 
basal diet contained 1.0 per cent tyrosine, but no phenylalanine. It was 
found that the use of an initial “depletion” period led to an almost uniform 
growth rate from the Ist day the experimental diet was administered. 
Other investigators (15) have noted an initial period of several days during 
which animals did not grow when given certain diets, particularly those 
containing phenylpyruvic acid in lieu of phenylalanine. This lag period 
was observed in our experiments when animals receiving a stock diet were 
changed directly to deficient or suboptimal synthetic diets; other animals 
which were given the same synthetic diets after a depletion period immedi- 
ately began to grow. 


RESULTS AND DISCUSSION 


It was found earlier (10) that significantly better growth was obtained 
when 1.2 per cent pi-phenylalanine was used in diets rather than 0.9 
per cent. This result differed from that of other investigators who re- 
ported that a level of 0.9 per cent phenylalanine produced optimal growth 
and that larger amounts might not be as effective (16). Because of the 
detrimental symptoms in phenylketonuria, in which there is a sustained 
high serum level of phenylalanine, considerable significance might be at- 
tached to a toxic effect of excess phenylalanine; it was, therefore, consid- 
ered necessary to examine this point more carefully. An experiment was 


1 Unpublished work. 


2 Where the average value for a number of animals is recorded, the standard error 
of the average is included. 
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performed in which diets containing from 0.5 to 4.0 per cent L-phenylal- 
anine were administered to young rats. If excess L-phenylalanine has any 
deleterious effect, increasing levels of the amino acid might be expected 
to cause progressively poorer growth of the animals. The results (Table 
I) show that this is not the case; despite individual variations, there is no 
trend toward poorer growth with higher levels of the amino acid. 

Because excess DL-phenylalanine might be slightly detrimental, the ini- 
tial experiment was repeated with pL- instead of L-phenylalanine. There 
was no growth-retarding effect of excess pL-phenylalanine, although poorer 
growth was observed at the lowest level (0.5 per cent) used. A similar 
experiment with p-phenylalanine showed that it did not cause a progres- 


TABLE I 
Growth and Food Consumption with L-, DL-, and p-Phenylalanine* 





Total weight gained (W) Total food eaten (F) w 
Phenylalan- F 
mReses |... ae, = 
L DL D L DL | D | DL D 
percent | gm. gm. gm. | 
| 


| gm. gm. | gm. 
0.5 | 87(9)|50(9)|40(9)| 192 | 130 | 107 | 0.45 | 0.38 | 0.37 
1.0 | 97 (#) | 73 (2) | 66 (9) | 204 | 180 | 157 | 0.48) 0.41 | 0.42 
1.5 | 83 (9) | 83 (?) | 58 (9) | 174 | 169 | 151 | 0.48 | 0.49 | 0.38 
2.0 | 80 (#) | 74 (2) | 54 (9) | 164 | 188f | 128 | 0.49 | 0.39F | 0.42 
2.5 | 87 (2) | 70 (#) 173 | 140 0.50 | 0.50 
3.0 90 (co) | 73 (2) 181 154 0.50 | 0.47 


4.0 81 (A) | 77 (9) | 68 (#) | 168 | 168 | 148 | 0.48 | 0.46 | 0.46 





* The basal diet contained 1 per cent L-tyrosine. 
t Some of the food was scattered and wasted. 


sive decrease in growth with higher levels in the diet. These results are 
all consistent in showing a lack of a “‘toxic” effect by either of the isomers 
of phenylalanine. 

With p-phenylalanine much poorer growth was obtained at all the levels. 
This result was unexpected, since it had been reported previously that 
both isomers of phenylalanine were comparable in their ability to promote 
growth of young rats (16). Larger amounts of the p isomer did not cause 
poorer growth; therefore, it seemed unlikely that a toxic effect was re- 
sponsible for the decreased growth, and yet it was certain that p-phenylal- 
anine could subsitute for the natural form in the diet. It was found that 
lowered food consumption was a major cause for the retarded growth of 
the animals receiving p-phenylalanine; in each case the animal receiving 
the p compound ate less than the one receiving the corresponding level of 
DL- or L-phenylalanine. 

The previous experiments, which indicated that p- and L-phenylalanine 
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were nutritionally equivalent for the growing rat, were performed with 
synthetic diets lacking in tyrosine. Since our basal diet contained 1 per 
cent L-tyrosine, it was necessary to determine whether its presence or ab- 
sence in some way affected the utilization of the p and 1 forms of phenyl- 
alanine and was responsible for the observed difference in “palatability” 
of the diets. An experiment was performed comparing the effect of the 
isomers in promoting growth in the presence and in the absence of tyrosine. 
The results (Table II) show a markedly lower food consumption and less 
growth of the animals receiving p-phenylalanine, but the presence or ab- 
sence of tyrosine had no marked effect on either growth or food intake. 
Since considerable economic advantage is to be gained by the use of 
pL-phenylalanine rather than the Lt form, several animals were used to 
determine whether the pu form is as effective in supporting growth. The 


TaBLeE II 


Growth and Food Consumption with L- and p-Phenylalanine in Presence and Absence 
of Tyrosine 


Total food | W 





| Total weight 
| gained (W) eaten (F) | F 
Supplement to basal diet | _ -= 
| s i» L | D | L D 
— | _ a - - | ----— 
gm. gm. gm. | gm. | 

0.5% phenylalanine + 1.0% u-tyrosine (“)...| 98 | 45 | 194 | 119 | 0.51 0.38 
0.5% ~ + 1.0% ” (9)...| 73 | 40 155 | 119 | 0.47 | 0.34 
1.2% phenylalanine (@*)...................... 102 44 | 184 | 129 | 0.55 | 0.34 
1.2% “ | RG es 72 | 161 | 0.45 


data (Table III) show that with 1.2 per cent L-phenylalanine good growth 
results, and this is not improved when 1.8 per cent is used. p1i-Phenyl- 
alanine, on the other hand, produces poorer growth at the lower level, but 
at 1.8 per cent it is as effective as the L isomer. pi-Phenylalanine thus 
may be substituted for the natural form in the diet, but higher levels must 
be added for equivalent growth. 

In Tables I to V a column is included with the heading ‘““W/F,” where 
W represents the weight gained and F the weight of food consumed during 
the same period. This value is similar to the “efficiency quotient” used 
by other investigators (17) and is significant only under strictly comparable 
experimental conditions, including basal diet, age of animals, and duration 
of experiment. The results in Tables I and IIT show that diets containing 
DL- or D-phenylalanine in some cases were nearly as efficient in promoting 
growth as were those containing the natural isomer, although the over-all 
gains were considerably less than with L-phenylalanine. This is in agree- 
ment with the idea that p- and L-phenylalanine are utilized equally well, 
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but that animals consume more of the diet containing the t form and con- 
sequently show a greater gain. 

After our initial report (1) of the poorer growth obtained with diets 
containing p-phenylalanine, Wretlind (18) reported that he found no differ- 
ence either in the growth-promoting ability of p- and L-phenylalanine or 
in the apparent palatability of diets containing them at levels comparable 
to those used in these experiments. It should be sufficient to note that in 
his work animals receiving good diets gained at best an average of 1.5 
gm. daily, whereas we observed average daily gains of at least 3gm. Rose, 
Oesterling, and Womack (19) already have shown that results obtained 
with poorer diets may need to be reevaluated in the light of new experi- 
ments with better basal diets. 

An even more striking example of the effect of the optical form of essen- 
tial amino acids on the utilization of rations has been presented recently. 


TaBLeE III 
Growth and Food Consumption with L- and pu-Phenylalanine 
Supplement to basal diet hy — wr a, | é 
. gm. gm. 
1.2% u-phenylalanine.... 5 79.4 + 3.6 151 + 4.4 0.53 
1.8% - i 4 76.0 + 1.2 147 + 5.7 0.52 
1.2% pvu-phenylalanine 7 59.0 + 2.1 126 + 3.2 0.47 
1.8% “ 5 76.4 + 3.1 154 + 2.4 0.50 
2.4% 7 4 82.0 + 3.9 153 + 5.0 


0.54 
It had been reported that p-histidine could be utilized by young rats and 
that it was somewhat less efficient than the natural form in supporting 
growth (20, 21). Celander and Berg (22, 23), however, found that young 
mice do not grow when a diet containing p-histidine is fed unless a small 
amount of L-histidine also is present. Their data indicate a rough pro- 
portionality between weight gained and food consumed on diets containing 
p-histidine. They found, also, a similar effect of L-tryptophan on the 
utilization of p-tryptophan by growing mice, and, again, their data suggest 
that food consumption may have been an important factor. Further, 
Rose et al. (19, 24) have compared the relative nutritional availability of 
L- and p-tryptophan. It had been reported earlier (25) that the two iso- 
mers were equivalent in supporting growth, but with an improved basal 
diet Rose et al. found that p-tryptophan was significantly less effective 
than the t form; if an inferior basal diet were used this difference did not 
appear. They suggested that p-tryptophan possibly was not as effective 
as the L isomer because it could not be converted to the L form at a rate 
sufficiently rapid to support the same degree of growth. Their results did 
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not include a record of food consumption, and so it is not possible to judge 
whether this factor has the same importance with tryptophan that it has 
with phenylalanine. 

It should be mentioned here that, although no definite toxic effect of the 
unnatural form of any of the essential amino acids has been clearly dem- 
onstrated when they are administered in reasonable amounts and although 
the p form of many of them may be utilized by animals, the pt form is 
possibly as effective as the natural one in supporting growth only in the 
case of methionine. 

Although food consumption appeared to be the major factor responsible 
for the better growth with diets containing L-phenylalanine, it seemed 
possible that an actual loss of p-phenylalanine might have occurred. Ex- 
amination of the urine of the animals receiving even the highest levels of 
p-phenylalanine showed that only a small proportion was excreted as phen- 
ylpyruvic acid, and no phenylpyruvic acid was excreted by animals re- 
ceiving either 1.2 per cent D- or 1.8 per cent pL-phenylalanine. The prob- 
able pathway through which most of the p isomer becomes inverted is by 
an oxidative deamination in the kidneys, followed by transportation of 
phenylpyruvic acid to the liver and transamination in that organ to form 
L-phenylalanine. If it were possible to demonstrate that p-phenylalanine 
is significantly less effective that L-phenylalanine in promoting growth 
when both are administered in the same amounts, one could assume that 
p-phenylalanine is oxidized by a more direct path than by conversion to 
L-phenylalanine followed by oxidation; this would raise the possibility that 
phenylpyruvic acid might be an intermediate on the pathway from phen- 
ylalanine to tyrosine. 

A paired feeding experiment was conducted to test this possibility.’ 
Two sets of diets were used; one contained phenylalanine and an excess of 
tyrosine, and the other contained only phenylalanine. In each case a 
level of phenylalanine was selected that was judged to be minimal, or 
slightly less than minimal, for good growth in order that this amino acid 
should be the limiting factor for growth; any loss of it should result in a 
markedly decreased growth of the animals. If p-phenylalanine were oxi- 
dized in the process of being inverted, two results would be expected. On 
the diet containing minimal phenylalanine and an excess of tyrosine, the 
animal receiving the p isomer should show considerably less growth than 
the one receiving the L isomer, since the phenylalanine converted to tyrosine 
would be wasted. With the diet containing phenylalanine but no tyrosine, 
the difference in growth between the p and 1 forms should be much smaller 
or should disappear because the p-phenylalanine ‘‘swept on” to tyrosine 


3A forced feeding experiment was considered but seemed impractical with ani- 
mals as small as those used here. 
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would not be completely lost, as when adequate tyrosine already was pres- 
ent, but would serve to furnish part of the tyrosine requirement which 
needed to be formed from phenylalanine. The results (Table IV) show 
that this did not occur. Although the animals receiving L-phenylalanine 
grew better on each diet, the difference in growth between the pairs of 
animals was not as great as would be expected if any considerable amount 
of p-phenylalanine were lost by oxidation. Furthermore, about the same 
difference in growth was observed whether tyrosine was present or absent. 
from the diet. The better growth of the animals receiving 1.2 per cent 
phenylalanine and no tyrosine merely denotes that this diet is slightly 
better than the one containing 0.5 per cent phenylalanine and tyrosine. 
It must be concluded that this experiment gave no indication of a signifi- 
cant loss of p-phenylalanine in the course of its inversion. The poorer 
growth with diets containing it must be a result of lower food intake. 











TaBLe IV 
Paired Feeding Experiment with u- and p-Phenylalanine* 

Average weight gained (W) Average food r 

Supplement to basal diet aa consumption a 
D L .. 1 & 

- — — — samieateabiae —_—_—_— 

gm. | gm. | | 

0.5% phenylalanine + | 
1.0% u-tyrosine...... 38.3 + 2.8 | 43.8 4 2.7 | 100 + 4.9 | 0.38 | 0.44 
5+ 3.6 | 115 + 3.6 | 0.42 | 0.47 


1.2% phenylalanine..... 48.8 + 3.9 | 54. 








* Four pairs of rats in each experiment. 


A reasonable explanation for the difference in food consumption of ani- 
mals receiving diets containing p- and L-phenylalanine was now sought. 
Evidence in the literature indicates that for good utilization all of the 
essential amino acids must be consumed at the same time; this subject 
has been reviewed recently (26). If a diet deficient in one of them is 
given to an animal and later an adequate amount of this amino acid is 
given by itself, animals do not use the amino acids nearly so well as when 
a complete diet is given. A situation similar to this exists when a diet 
contains the p form of an essential amino acid and none of the natural 
form: the diet is not complete when it is first absorbed and taken by the 
portal circulation to the liver because it lacks one of the essential amino 
acids. It has been shown that in mammals the kidneys contain much more 
D-amino acid oxidase activity than does the liver; although p-amino acid 
oxidase is demonstrable in mammalian liver, the activity is of a low order 
(27). The animal becomes aware of the deficiency and stops eating until 
the p form is converted to the keto acid by the kidney, returned to the liver, 
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and made into the Lform. The nature of the mechanism which makes the 
animal aware of this kind of a dietary deficiency is unknown. However, 
it would be expected that an administered keto acid would have an effect 
upon food consumption and growth intermediate between that of the p 
and tL forms. In Table V are listed the results of an experiment testing 
this hypothesis. Diets containing phenylpyruvic acid are eaten better, 
support growth better, and are more efficient for growth than are those 
containing p-phenylalanine; they are, however, more inferior to diets con- 
taining L-phenylalanine than they are superior to those containing D iso- 
mer. 


TABLE V 


Growth and Food Consumption with L- and p-Phenylalanine and 
Phenylpyruvic Ac Acid 








Supplement to basal diet oo _ Average weight cman et, | F 

gm. gm. | 

0.5% pv-phenylalanine + 1.0% t-ty- | 
aR SO lle ere ore > 8 | 37.44 2.1 105 + 3.3 | 0.36 

0.5% phenylpyruvic acid + 1.0% t- 
0 eer ener est rere 2 | 500.0+4.0 | 118348.5 | 0.44 

0.5% u-phenylalanine + 1.0% t- ay | | 
rosine. | 3 | 89.744.5 | 17747.4 | 0.51 
1.2% v- phenylalanine. . 7 | 48.7 + 3.0 118 + 3.9 | 0.41 
1.2% phenylpyruvic acid. ...| 2 | 5.0 + 1.0 117 + 2.5 | 0.48 
1.2% u-phenylalanine................ | 5 | 79.4 + 3.6 151 + 4.4 | 0.53 





Finally, in considering the results of these experiments, a general com- 
ment seems appropriate concerning the utilization of the keto acids and 
the unnatural forms of essential amino acids. Early studies on this sub- 
ject have been reviewed (28). The p forms of valine, leucine, isoleucine, 
threonine, and lysine cannot substitute for the natural forms but the keto 
acids corresponding to valine, leucine, and isoleucine can. Subsequent 
studies with isotope tracers showed that, even though p-leucine does not 
support growth, some actually is inverted (29). The explanation usually 
is offered that synthesis of the natural form from the p isomer proceeds, but 
at a rate insufficient to meet the demands of growth. 

A different outlook follows from an examination of the chemical and 
biological activity of the respective keto acids. In the case of valine, 
leucine, and isoleucine it is known that catabolism proceeds through trans- 
amination or deamination to the keto acid, followed by oxidative decar- 
boxylation of the keto acid. It seems likely that the oxidative decarboxyl- 
ation step occurs in extrahepatic tissue as well as in the liver. Ingestion 
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of the p form of one of these amino acids would necessitate passage of most 
of it to the kidneys, where it would undergo oxidative deamination; quan- 
titatively, little of the resulting keto acid would stand a chance of returning 
to the liver for transamination to the amino acid, but most of it would be 
destroyed by extrahepatic tissue. Ingestion of the keto form, on the other 
hand, would present the liver with an opportunity for forming some amino 
acid before the keto acid is lost by degradation. 

With either p-threonine or p-lysine, the resulting keto acid would be 
extremely reactive chemically and would not be likely to remain available 
for transamination. 

In the case of phenylalanine, tryptophan, histidine, and methionine, 
there has been no indication that the respective keto acids play any sig- 
nificant part in their further metabolism. Hence, oxidative deamination 
of one of the p forms in the kidneys would result in the formation of a 
product which would undergo little loss in the tissues and would be re- 
turned to the liver for transamination to the Lform. For these four amino 
acids it might be expected that growth-promoting ability of the p form 
would be related directly to consumption of the diets containing it, which, 
indeed, appears to be the case with p-phenylalanine. 


The valuable technical assistance of Mr. Joy D. Lewis is gratefully ac- 
knowledged. 


SUMMARY 


1. Neither L- nor p-phenylalanine is toxic for the growing rat when ad- 
ministered in amounts up to 4 per cent of the diet. 

2. Diets containing D-phenylalanine are greatly inferior to those con- 
taining L-phenylalanine in supporting growth. 

3. The better growth obtained with diets containing L-phenylalanine 
occurs because of a larger food consumption by the animals. No loss of 
p-phenylalanine could be demonstrated in the course of its inversion. 

4. A discussion of a possible explanation of the poorer growth obtained 
with the p forms of most of the essential amino acids has been offered. 
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ON THE NITROGENOUS CONSTITUENTS OF FUCUS 
VESICULOSUS* 


By DONALD G. SMITH anv E. GORDON YOUNG 


(From the Maritime Regional Laboratory, National Research Council, 
Halifax, Canada) 


(Received for publication, April 1, 1953) 


Of the organic constituents of marine algae, the polysaccharides have 
received most attention, while the nitrogenous compounds have been largely 
neglected. In 1910 Kylin (16) isolated two crystalline chromoproteins 
from Ceramium rubrum. Hoagland (13) made the first attempt to deter- 
mine the general nature of the nitrogenous compounds, selecting the giant 
kelps of California. He found that 13 to 32 per cent of the total nitrogen 
was soluble in water and 6 to 19 per cent was soluble in ethanol, leaving more 
than half insoluble in these solvents. He considered that only a portion of 
this nitrogen was protein in nature. Mazur and Clarke (19) published 
the first analysis of the distribution of amino acids in seaweeds and ob- 
served a notably high proportion of the basic amino acids and of proline 
in such representative species as Ulva, Laminaria, Sargassum, and Chon- 
drus. The quantitative distribution of amino acids in the fresh water 
green alga, Chlorella vulgaris, has recently been determined (9). The quali- 
tative distribution has been reported by Channing and Young (3) for 
Laminaria, Pelvetia, and Ascophyllum and by Ericson and Sjéstrém (8) for 
Fucus vesiculosus, Laminaria saccharina, and Sphacelaria arctica. 

In addition to protein, peptides have been detected in several species of 
marine algae (6, 12, 24, 29), and both methylamine and trimethylamine 
have been found present in rather variable amounts (11, 14, 15). 

With the completion of a study of the seasonal variation in the composi- 
tion of several species of Fucaceae (18), it seemed desirable to learn more 
about the nitrogenous substances in these seaweeds because of their abun- 
dance on the eastern shores of North America and because of their uses 
as soil fertilizers and in animal foods. 

The efficacy of various solvents has been tried. The volatile nitrogenous 
bases have been determined quantitatively as ammonia, methylamine, and 
trimethylamine. An estimation of the free amino acids and peptides has 
been attempted. The composition of the total protein in terms of amino 
acids has been determined qualitatively by two-dimensional paper chro- 
matography and quantitatively by means of adsorption and elution on 
resin and starch columns. 


* Presented in part before the International Seaweed Symposium at Edinburgh, 
July 14-17, 1952. 


849 





850 NITROGEN OF F. VESICULOSUS 


EXPERIMENTAL 


Method of Extraction—Specimens of F. vesiculosus were collected in bulk 
at various seasons of the year, transported directly to the laboratory, and 
cut into lengths of about 1 inch. The fragments were placed in a Waring 
blendor with the extraction medium and comminuted for about 15 minutes 
until the temperature of the medium had reached 40-55°. The extract 
was strained through fine cheese-cloth, and the extraction repeated on the 
residue. The extracts were combined and filtered through paper pulp on 
a Biichner funnel until moderately clear. Trials of much longer periods 
of extraction failed to increase the nitrogen in solution appreciably. 

Method of Dialysis—The method of Reiner and Fenichel (26) for the 
dialysis of protein solutions through standard cellophane tubing was em- 
ployed in all experiments requiring dialysis. 

Precipitation Procedures—25 ml. of extract were pipetted into a 50 ml. 
volumetric flask. The precipitating agent was added in an amount calcu- 
lated to give the required percentage in a total volume of 50 ml. The 
mixture was made up to a volume and thoroughly shaken. After standing 
for 30 minutes, the solutions were filtered and the total nitrogen was 
determined by the micro-Kjeldahl procedure. 

Total Volatile Nitrogen—An aliquot of the extract containing 4 to 7 mg. 
of N and 1.0 gm. of magnesium oxide was placed in the distillation flask of 
the micro-Kjeldahl apparatus. A few drops of mineral oil were added, and 
the volatile bases were distilled into 10 ml. of 0.01 N acid. The distillate 
was titrated with 0.01 N alkali. 

Amino Nitrogen—Electrometric micro formol titration was performed in 
the usual manner with 0.01 N sodium hydroxide, but the end-points were 
determined electrometrically. The Beckman model G pH meter was em- 
ployed, with 23 inch internal electrodes adapted to external use by shield- 
ing the glass electrode lead and enclosing the titration unit in a three-sided 
aluminum shield. 

Preparation of Samples for Chromatography—For the determination of 
free amino acids, dried, ground weed was extracted by being shaken for 24 
hours with 75 per cent ethanol, in the proportion of 1 gm. to 100 ml. of 
solvent. The solution was filtered and evaporated to dryness. The resi- 
due was taken up in a volume of distilled water to give a concentration of 
1 to 2 mg. of N per ml. 

For the determination of combined amino acids the residue, after the 
ethanolic extraction, was hydrolyzed in 20 per cent hydrochloric acid in the 
proportion of about 1 gm. of dry material to 200 ml. of acid. Excess acid 
was removed by repeated distillation in vacuo. The fina] concentrated 
solution was neutralized with silver oxide to pH 4 to 6. After centrifuga- 
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tion the volume was adjusted to give a concentration of approximately 1 
mg. of N per ml. ° 

Determination of Amino Acids—Paper chromatography by the descend- 
ing technique of Consden, Gordon, and Martin (4), with some later modifi- 
cations (2, 30), has been used for one-dimensional qualitative chromato- 
grams. The ascending technique of Williams and Kirby (31) was employed 
for two-dimensional chromatograms. The solvents were 80 per cent phe- 
nol in water adjusted to pH 5.8, collidine-lutidine prepared according to 
Dent (7), and tert-amyl alcohol according to Work (33). The color rea- 


TaBLeE I 
Efficacy of Solvent Extractions of F.. vesiculosus 


Temper-. Volume of _ Total N in N 


Solvent pH | ature solvent dry weed extracted 

| *C. | "ah fab per cent | per cent 

ERE po ED 5.5 | 45 | 14.9 2.80 22.0 
0.6 m KCl in phosphate buffer 7.7 | 50 25.0 1.93 17.4 
Phosphate buffer... . 8.0 50 25.0 1.93 17.0 
10% NaCl in 0.3% Na.CO;. 10.3 | 55 | 17.2 2.28 25.1 
0.1% NazCOs.... 11.3 | 55 | 17.2 2.28 | 21.3 
01% cece. | a3 | 58 | 391 3.00 | 27.1 
i re 11.3 40 | 46.2 2.43 30.1 
10% NaCl in 0.1% NaOH. . 12.1 55 47.0 1.97 28.8 
0.1% NaOH........ 12.5 | 55 | 17.0 1.85 21.3 
ern | 12.5 | 55 | 47.0 1.97 | 36.2 
01% 5 tae uel 12.5 | 55 | 50.0 1.94 45.9 
0.38% NaOH............ 13 55 | 47.0 1.97 42.4 
038% “ .......... 13 55 | 53.9 2.15 52.0 

55 | 60.0 


carer ener ee 13 2.19 57.0 


gents were 0.2 per cent ninhydrin in 95 per cent ethanol (25), 0.2 per cent 
isatin in n-butanol (containing 4 per cent, by volume, of acetic acid) (2), 
platinic iodide reagent of Winegard and Tvennies (32), Sakaguchi reagent 
(27), and Ehrlich’s reagent (2). 

Quantitative separations were obtained on starch and resin columns, 
according to the procedures of Moore and Stein (21-23, 28). 


Results 


Efficacy of Solvent Extractions—The efficacy of various solvents in the 
extraction of nitrogenous compounds, by the procedure previously de- 
scribed, is shown in Table I. Thé percentage of the total nitrogen of the 
original sample in the extract was determined. It may be seen that an 
increase of the ratio of the volume of solvent to the weight of dry material 
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increased the percentage of nitrogen extracted. Aqueous sodium hydrox. 
ide was the most effective solvent, but the highest yield was only 57 per 
cent. Increase in the pH of the solvent increased the extraction of nitrog- 
enous substances and also of alginate. 

Determinations were made of the percentage of dialyzable nitrogenous 
compounds in these extracts. In addition, the amount of amino nitrogen 
was estimated in several experiments. Typical results are shown in Table 
II. It is apparent that both methanol and ethanol extract initially a smal] 
amount of nitrogen, which appears to be free amino acids. This consti- 
tutes about 8 per cent of the total nitrogen. More prolonged extraction 
increases the amount to about 25 per cent of the total nitrogen, of which 
78 per cent is dialyzable. This is taken to indicate the extraction of pep- 


TABLE II 


Forms of Nitrogenous Compounds in F. vesiculosus 
Expressed in per cent. 




















l l 
Extraction medium | ER | ca] “Serene | ae | ‘aaa 

NaCl (10%) in NaOH (0.1%)....| 2.37 | 20.3 | 76 | 

KCl (0.6 m) in PO, buffer, pH 7.7... 1.93 | 17.6) 76 | | 

Calcium acetate (5%)..........) 2.68 | 31.5 77 41 13.0 

NaOH (0.33%)..................| 1.89 | 50.4] 46 | 

Methanol (absolute).......... | 2.80 7.9 | 

Ethanol (75%).................| 2.06 | 13.6 | 77 | 10.5 
“ COR)? ses eeeveesl 2.74 |28.4| 78 9 | 110 





* Dried sample shaken mechanically for 18 hours with solvent. 


tides or peptones. If extraction is increased from 30 to 50 per cent by 
means of weak alkali, the dialyzable portion drops from 76 to 46 per cent, 
indicating an extraction of protein. Dialyzable constituents are appar- 
ently completely dissolved when about 30 per cent of the total nitrogen 
has passed into solution. 

Protein precipitants were added to several of the original extracts, and 
the decrease in soluble nitrogen was determined. Addition of hydrochloric 
acid to pH 4 resulted in a precipitate which increased as the amount of 
soluble nitrogen was increased. This increase paralleled an increase in the 
bulk of the precipitate, much of which was probably alginic acid. With 
trichloroacetic acid as precipitant, the amount of nitrogen precipitated de- 
creased with increasing concentration of precipitant. Further, the amount 
of visible precipitate decreased in the same pattern. Similar results were 
obtained with sodium trichloroacetate at pH 4. Tungstic acid, on the 
other hand, caused an increase in the amount of nitrogen precipitated. 
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As with hydrochloric acid, precipitation was accompanied by an increase in 
carbohydrate precipitated. The precipitation of alginate and protein could 
be due to the formation of protein alginate or to adsorption of the protein 
by the carbohydrate. These results are shown in Table III. 

Isolation of Peptides—From aqueous extracts a yellowish hygroscopic 
material was isolated by the procedure of Haas, Hill, and Russell-Wells 
(12). This material was very soluble in water, diffusible through cello- 
phane, precipitable by mercuric salts but not by lead salts, and it gave a 
positive biuret reaction. Based on the loss of soluble nitrogen on pre- 
cipitation of the crude mercury salt, the peptides represented from 7 to 8 
per cent of the total nitrogen. We have confirmed the observation of 


TaBLeE III 


Precipitability of Nitrogenous Compounds 
Expressed as per cent. 





Soluble N precipitated 





Experi- 











= mans & Tungstic acid, per cent | Trichloroacetic acid, per cent 
or al -- a or ee 
05 | 1.0 1.5 | 2. | 2.5 5.0 7.5 10.0 
ne eS ee: a ee cow! - . 
| } } 

5b 21.3 | | | 7.8 ; | 

4 25.6 11.4 6.6 9.6 | 9.6 | 3.9 | 2.3 | 3.0 | 1.4 

6c 29.8 5.0 11.9 | 24.8 | 26.4 | 

3 30.1 | 0.0 3.2 | 17.7 | 9.7 | 4.8 4.0 0.8 

7b 52.0 | 0.0 44.2 | 50.4 46.4 
pH of filtrate.......| 6 3 2 4 1 1 1 1 


Haas (10) that this fraction is not constant in amount but varies with the 
season and tends to be absent in the summer months. 

Fractionation of Volatile Compounds—Fresh minced thalli were refluxed 
in acidic 95 per cent ethanol and then in water. The combined extracts 
were filtered, concentrated, and distilled with an excess of sodium hydroxide. 
The liberated amines were collected in 2 N hydrochloric acid. The separa- 
tion and determination of the individual bases were effected by the com- 
bined procedures of Bertheaume and Frangois (1). 

Values for the volatile nitrogen in two lots of Fucus were identical at 3 
per cent of the total nitrogen despite the differences in levels of extracted 
nitrogen, in one case of 26 per cent and in the other of 52 per cent. This 
suggests that the volatile base consisted largely of ammonia liberated from 
amide groups in the protein. 

Methylamine and trimethylamine have been identified in extracts of 
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Fucus, and a quantitative analysis of these constituents has been made. 
The distribution of volatile bases is shown in Table IV. The results of 
Kapeller-Adler and Vering (15) on F. vesiculosus and Fucus serratus are 
included for comparison. The distribution of the volatile nitrogen in our 
analysis is as follows: 55 per cent as ammonia N, 44 per cent as trimethyl- 
amine N, and less than | per cent as methylamine N. 

Distribution of Amino Acids—Acid hydrolysis of dried plants, previously 
extracted with ethanol, dissolved 57 to 60 per cent of the original plant 
nitrogen. Approximately 75 per cent of this dissolved nitrogen was in the 
form of amino nitrogen. The ethanol dissolved 25 to 30 per cent of the 
original nitrogen, and 50 per cent of this fraction was found to be amino 
nitrogen. With fresh plants, alcoholic extraction and subsequent acid hy- 
drolysis dissolved 80 to 90 per cent of the total nitrogen. The amino 


TABLE IV 
Estimation of Volatile Bases 
Expressed as mg. per 100 gm. of dry material. 





Species | .Ammonia ‘Methylamine Trimethyl- 


pre to Reference 
F. vesiculosus.......... |} 15.2 0.6 42.1 Authors’ results 
* 5 Oe POR ee ee 31.3 11.0 53.7 Kapeller-Adler and Ver- 
ing (15) 
| 38.3 | 7.4 47.1 Kapeller-Adler and Ver- 


ing (15) 


nitrogen constituted 70 per cent of the dissolved nitrogen. The remaining 
10 to 20 per cent of the total nitrogen was recovered in the precipitate after 
hydrolysis as humin nitrogen or possibly unhydrolyzed cellular residue. 

If the nitrogen in the alcoholic extract is eliminated, the remainder would 
appear to be of a protein nature. This conclusion is based on the assump- 
tion that the insoluble nitrogen is humin nitrogen and that the dissolved 
nitrogen in the acid hydrolysate, of which 70 to 75 per cent was amino 
nitrogen, must have come from amino acids or their amides. The detailed 
analysis in Table V accounts for 89 per cent of the nitrogen in the acid 
hydrolysate, and in this there are 3.3 per cent as proline nitrogen, 7.0 as 
non-amino arginine nitrogen, and 15.3 per cent as amide nitrogen, a total 
of 25.6 per cent as non-amino nitrogen. 

Results of qualitative amino acid analyses performed on acid hydroly- 
sates of dried plants from which free amino acids had been removed previ- 
ously by ethanol show the amino acids present to be those normally en- 
countered in plant proteins. Separation of the amino acids, except for the 
leucines, methionine, and phenylalanine, was achieved by two-dimensional 
chromatography. The presence of arginine and cystine was confirmed by 
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the Sakaguchi and Winegard-Toennies reagents. No trace of hydroxy- 
proline could be detected. The leucines, methionine, and phenylalanine 
were separated by the descending strip technique. Methionine and cystine 
were also demonstrated by application of peroxide to the spot prior to 
running a two-dimensional chromatogram (30). There was no evidence of 


TABLE V 


Combined Amino Acids in Various Algae and Spermatophytes 





Sargassum , ; ' 
Amino acid a vesiculosus a ye may aa 
ys cinccat uxindeeccadesn senate | Ba 1° ee 7.7 4.4- 5.1 
MI 2 os ho aw nnccens eeete cess aa 9.4 10.3 15.8 | 12.4-14.0 
Aspartic acid.......... 9.0 7.6 6.4 | 4.7- 5.4 
SE en ely eee ee ier eee + 3.7 0.2 1.1- 1.6 
Dos ois Waa teeneidweadagins 5.4 | 0.6 6.2 0.4 
Glutamic acid.......... ee a a 2.7 7.8 6.4- 7.8 
ee cetitudcrainecscageuell |} 16 | 41 3.3 | 3.6 4.0 
Hydroxyproline..................... ~ 3.4 0.0 
RN 0.5 ~ oc tks ce aawsede.ceveeee a a 3.5 3.6 
ETO CT ETE CE Tee | 5.0 0.4 6.1 7.3 
eit nays aaacient So mene | 6.0 6.9 10.2 5.0- 6.8 
SE CE re ee 0.4 | 0.0 1.4 1.2- 1.6 
Phomylalamine ...... 2... .cccccccccece 2.6 0.4 2.8 2.4- 2.6 
i ah aaa Ai, SE SE RE OS 3.3 9.5 7.2 3.1 
RS ISS Shad waits shad vine Ck | $3.5 3.3 
NR oi edie tus tike wkend 3.3 2.9 3.0- 4.0 
EO OTTER Te - 1.9 2.1 1.4- 1.9 
I i sth ie its th eid lv daca wom 1.2 1.8 2.8 2.3- 2.7 
a hiersoiiy atrial i Ge ah bes 3.0 8.3 5.5 3.3- 4.5 
I ter Sik cola th det, dusca wiles ions 15.3 10.5 6.1 4.7- 6.0 
NS With wck Sek ahus deweeeeus 88.6 79.3 101.3 


The authors’ results and those of Mazur and Clarke (19) are expressed as per cent 
of total N in the hydrolysate; those reported by Fowden (9) and Lugg (17), as per 
cent of protein N. 


tryptophan on chromatograms of alkaline hydrolysates after spraying the 
paper with Ehrlich’s reagent. 

The alcohol-soluble fraction has been investigated by paper chromatog- 
raphy, but the analysis of free amino acids is as yet incomplete. Diffi- 
culties were experienced in this analysis owing to some soluble impurity 
which caused distortion of patterns. The majority of the carbohydrate 
had been removed on ion exchange resins, but the recovery of amino acids 
was too low to give a complete analysis. However, it appears that alanine 
and glutamic and aspartic acids are the main free amino acids, with phenyl- 
alanine, valine, leucine, proline, and glycine in smaller quantities, and tyro- 
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sine only asa trace. Histidine, tryptophan, and lysine appear to be absent, 
Spots in the asparagine and glutamine areas have not yet been definitely 
identified, nor have fainter spots in the serine and threonine positions, 
Hydrolysis of the alcohol-soluble material caused a very large increase in 
the size and intensity of the aspartic and glutamic acid spots. The mate- 
rial hydrolyzed contained a large proportion of peptide, and the increase 
in one or both of these acids probably resulted from peptide hydrolysis, 
together with hydrolysis of glutamine and asparagine if present. 

The amino acid composition of the protein fraction of F. vesiculosus ig 
shown in Table V. The results presented have been derived from analyses 
of hydrolysates of the alcohol-insoluble residue on columns of starch and of 
Dowex 50. For comparative purposes the results of Mazur and Clarke 
(19) on Sargassum, the more recent results of Fowden (9) on Chlorella 
vulgaris, and the range of composition in the leaf proteins of spermato- 
phytes (17) are included in Table V. 


DISCUSSION 


The determinations of nitrogen in ethanolic extracts and the isolation of 
peptide were carried out during the winter season. Peptide content ap- 
parently fluctuates considerably during the year and at the time of isola- 
tion was near a maximum. At this season, free amino acids and peptide 
constitute most of the dialyzable nitrogen. The value for free amino 
nitrogen at 8 to 11 per cent of plant nitrogen may also include some volatile 
nitrogen. The value for ammonia is probably not characteristic, since the 
experimental conditions would yield some ammonia from amide groups. 

The maximal extraction of nitrogen by aqueous media was 57 per cent of 
the total. This represents an extraction of only one-third of the protein, 
since almost 50 per cent of the nitrogen in this extract would be dialyzable. 
Blending with 0.33 per cent sodium hydroxide at 50° is a severe treatment 
for protein. The use of saline solutions as solvents, however, reduced con- 
siderably the amount of nitrogen extracted. Similar results were obtained 
by Crook (5) in the extraction of nitrogenous constituents from leaves. 

Dialysis and precipitation by tungstic acid both indicate a change in the 
character of the soluble nitrogenous substances at higher extraction. The 
quantity of nitrogen precipitated at 15 to 30 per cent extraction corre- 
sponded to the non-dialyzable nitrogen. 

From the results of the amino acid analyses it may be seen that the di- 
carboxylic acid content of Fucus is moderately high, constituting 20 per 
cent of the nitrogen in the hydrolysate. The basic amino acids account for 
a further 17 per cent of the nitrogen. When the composition of the com- 
bined amino acids in Fucus is compared with the figures for Chlorella and 
for spermatophytes, it is seen that there is a close similarity. The major 
differences are the higher values for the dicarboxylic acids and the lower 
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values for the basic amino acids in Fucus compared to Chlorella. The 
proline value in Chlorella is high compared to that for Fucus and the sper- 
matophytes. 

Although cystine was not definitely detected in Fucus in the quantitative 
analysis, faint positive reactions for cystine have been obtained on several 
paper chromatograms. It may be present as a trace only and not sepa- 
rated by the columns, or it may have been decomposed on hydrolysis in 
the presence of carbohydrate. Cystine was detected only in the amount of 
0.2 per cent of the protein in Chlorella. The absence of tryptophan in 
Fucus confirms the finding of Ericson and Sjéstrém (8) but merits further 
investigation. 

The presence of all of the usual amino acids is in contrast to the findings 
of Mazur and Clarke (19) for other brown algae. According to these 
authors, there was no evidence of arginine in Fucus furcatus, Cystoseira, 
and Egregria (20). Further, they reported that Laminaria lacks methi- 
onine and lysine and that Sargassum and Chondrus lack methionine. Lugg 
(17), however, did not accept many of the values reported by Mazur and 
Clarke nor their phylogenetic implications. The evidence of Fowden (9) 
and Channing gnd Young (3) and the present findings confirm these doubts 
and support ror general distribution of the amino acids in algal pro- 
teins. The isolatio& of the native proteins still remains to be accomplished. 
Their peculiar jnsolubility presents a problem yet to be overcome and ex- 
plained. 


. 


SUMMARY 


The content of total organic nitrogen in Fucus vesiculosus varied season- 
ally from 1 to 3 per cent of the total solids. Volatile nitrogenous com- 
pounds comprised 2 to 3 per cent of the total nitrogen and consisted of am- 
monia, methylamine, and trimethylamine. Free amino acids accounted 
for about 10 per cent and peptides 7 to 8 per cent of the total nitrogen. 
The remainder appeared to be protein as determined by hydrolysis and 
amino group analysis. Quantitative chromatography indicated the pres- 
ence of protein similar in constitution to leaf protein, and basic and acidic 
amino acids accounted for about 17 and 20 per cent, respectively, of the 
total nitrogen in the hydrolysate. The amide nitrogen was high. Neither 
hydroxyproline nor tryptophan was detected. 

Various solvents for the extraction of the protein were tried and only 
about 50 per cent of the total nitrogen could be dissolved. Dilute sodium 
hydroxide was the most effective solvent. The presence of alginate ap- 
peared to retard extraction of protein. 


We acknowledge the able technical assistance of Mr. F. G. Mason during 
the course of this investigation. 
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ON THE DETERMINATION OF ETHANOLAMINE IN URINE 
AND THE FACTORS AFFECTING ITS DAILY OUTPUT 


By J. MURRAY LUCK anp ALAN WILCOX 
(From the Department of Chemistry, Stanford University, Stanford, California) 


(Received for publication, July 10, 1953) 


Methods for the detection and quantitative determination of ethanol- 
amine in animal tissues and fluids have, with few exceptions, been focused 
upon phospholipide hydrolysates. They include the gold salt method of 
Trier (1), the CaO-ether extraction method of Thierfelder and Schulze (2), 
isolation as the diiodosalicylate (Stetten (3)), and the periodate oxidation 
method employed by Artom (4). In so far as urine is concerned Dent 
has employed for qualitative purposes two-dimensional paper chromatog- 
raphy (5, 6) followed by the ninhydrin reaction; for confirmatory purposes 
ethanolamine was isolated as the di-p-nitrobenzoyl derivative after dis- 
placement from Zeo-Karb 215 (6); for quantitative purposes direct perio- 
date oxidation of the urine was employed (6). Ion exchange chromatog- 
raphy and the ninhydrin reaction have been further exploited in the elegant 
method of Stein (7) for the comprehensive analysis of urine. Fishman 
and Artom (8) have applied periodate oxidation, combined with Permutit 
adsorption of bases, directly to urine in a procedure for the estimation of 
serine and ethanolamine. Our experience with a closely comparable 
method for the determination of ethanolamine leads us to conclude that 
this direct method is lacking in specificity and yields results that are too 
high. 

In a search for a highly specific method, applicable to urine, we turned 
to chromatography of the dinitrophenyl derivatives of the bases. The 
quantitative separation of dinitrophenylethanolamine was achieved with- 
out difficulty and the quantity isolated was determined spectrophotometri- 
cally. 


Method 


The urine is adjusted to pH 7 and filtered. 20 ml. of the filtered urine 
are run through a column (7 X 85 mm., with 1.5 to 2 gm. dry weight of 
resin) of Amberlite IRC-50, after preliminary equilibration with a buffer 
of pH 6.2, to remove the ethanolamine and various bases. The column 
is washed with 15 ml. of conductivity water and the effluent discarded. 
The bases are eluted with 20 ml. of 1 n HCl and the eluate diluted to 25 
ml. Aliquots containing from 20 to 70 y of ethanolamine are permitted 
to react in a conventional manner with dinitrofluorobenzene (9). The re- 
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action products are evaporated to dryness and thoroughly extracted with 
acetone. The acetone-insoluble fraction is discarded. The acetone-sol- 
uble fraction is evaporated to dryness and redissolved in the minimal vol- 
ume of acetone. 1 ml. of ligroinisadded. The solution is put on a column 
(9 X 100 mm.) of prepared silicic acid which is then developed with 8 per 
cent acetic acid-4 per cent acetone-88 per cent ligroin. The eluate is dis- 
carded. A band at the top of the column consisting of the DNP deriva- 
tives of non-ethanolamine substances is cut out and rejected. The DNP- 
ethanolamine which constitutes a discrete band about 17 to 25 mm. lower 
is eluted with 8 per cent acetic acid-35 per cent acetone-57 per cent ligroin. 
The eluate is diluted to volume and read at 347 mu. The quantity of 
DNP-ethanolamine is then determined from a standard reference plot of 
optical density against DNP-ethanolamine concentration. 

The fraction thus obtained and measured has been proved to be DNP- 
ethanolamine by comparison chromatography with authentic specimens, 
by mixed chromatography of authentic and presumptive DNP derivatives, 
by attempted resolution of the DN P-ethanolamine band with other solvent 
systems (e.g. 10 per cent ethyl acetate-10 per cent acetic acid-80 per cent 
ligroin), and by mixed melting points on authentic and presumptive speci- 
mens of the DNP derivative (m.p. = 89.7-90.2°).! 

Recovery experiments with 28 to 111 y of added ethanolamine were car- 
ried out on normal human urine and the results presented in Table I. 


Excretion of Ethanolamine 


We have been unable to find any reports on the ethanolamine content 
of normal urine. In consequence, a number of analyses were made on the 
24 hour specimens of young normal adults (students). The results are 
presented in Table II. The excretion of ethanolamine by young women 
is fairly consistently greater than that by young men. We have attempted 
to relate the ethanolamine output by women to the menstrual period but 
the results are inconclusive. 

As stated earlier the possibility of using periodate oxidation of the eluted 
bases with determination of ammonia released and periodate consumed 
was first explored.2. The values obtained for the 24 hours output of etha- 
nolamine by humans approximated 150 mg. which is about 5 times greater 
than the values yielded in this present study. We attribute the higher 
results to lack of specificity of the periodate oxidation under the conditions 
employed. 

In Table III the ethanolamine excretion by normal rats is reported. 

1 The melting point of 2,4-dinitrophenylethanolamine is 90° according to Wald- 
kélter (10). 

2 Nye, W. N., and Nordby, G., unpublished data. 
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The animals used in this study approximated 280 and 320 gm. for males 
and females, respectively. The animals were confined in individual me- 
tabolism cages so constructed that food could not be carried into the cage 


TABLE I 
Recovery Experiments; Ethanolamine Added to Urine 








Ethanolamine recovery 


Ethanolamine added Ethanolamine found a = 
Per cent of added 


ethanolamine 

















7 7 7 
77 
55.4 128 51.5 93 
55.4 129.6 52.6 95 
0 | 62.5 
55.4 114.0 52.5 95 
83.1 138.9 76.4 92 
110.8 | 164.4 101.9 92 
0 17.0 
27.7 43.7 26.7 96 
0 20.5 
55.4 | 73.8 53.3 96 
0 21.6 
83.1 101.8 80.2 97 
0 23.5 
110.8 | 131.1 107.6 97 
TABLE II 
Ethanolamine Output of Normal Humans 
Males Females 
Mg. per day Mg. per da: Mg. per day g. per da 
Mg. per day ce tone. per il, bo y Mg. per day body surface "J cd nog pe tle body 
5.3 | 2.8 3.3 0.071 19.9 11.6 24.2 0.311 
4.8 | 2.4 ud 0.064 57.0 34.9 50.7 0.930 
10.6 | 5.0 | 10.2 0.112 21.5 14.3 13.0 0.250 
5.6 3.0 | 3.7 0.071 | 32.2 18.1 13.5 0.523 
22.9 | 11.1 15.4 0.265 49.8 30.0 31.0 0.897 
16.0 | 9.4 12.5 0.293 | 32.6 18.3 20.7 0.513 
22.1 10.9 | 17.5 0.277 12.9 7.7 10.4 | 0.219 
0.3 | 5.3 | 7.6 | 0.141 | 31.8 19.2 36.0 | 0.539 
| 24.0 14.3 25.7 0.413 
15.0 8.9 10.9 0.258 
| 31.7 18.9 31.2 


| 0.546 
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proper and hence contaminate the urine. The diet was a semisynthetic 
ration extensively employed in this laboratory (11). 

Table IV reports upon the ethanolamine output of various species. (Ay- 
erages, average deviations from the mean, and ranges are presented.) 


Rat No. 


CoOnNoarh wWhNd = 


Species 





Mg. per day 




















Ethanolamine Output of Different Species 


TABLE III 
Ethanolamine Output by Rats on Basal Diet 
Male | Female 
Mg. per day Rat No. Mg. per day 
0.39 1 0.43 
0.52 2 | 0.39 
| 0.43 3 | 0.36 
0.41 4 | 0.41 
| 0.33 5 0.45 
| 0.40 6 0.37 
0.44 7 0.40 
0.39 8 0.37 
0.37 9 0.39 
0.42 10 0.38 
0.40 11 0.43 
0.37 
0.41 + 0.03 (0.33-0.52) 0.40 + 0.02 (0.36-0.45) 
TABLE IV 


Mg. per day per 
sq.m. Body surface 


r day per kilo 


Humans, males (8)* 12.2 + 6.1 
(4.8-22.9) 
29.9 + 10.2 


ae 


females 


| 
7 per ml. urine Mg. pe 


pnd ly weight 


6.243.2 | 9.7 + 4.2 | 0.162 + 0.088 





(11) | 


Cats (2) 

Rats, males (12) 
‘* females (11) 

Rabbits (2) 


Dogs (1) 


(12.9-49.8) 
1.53 
1.91 
0.41 + 0.03 
(0.33-0.52) 
0.40 + 0.02 
(0.36-0.45) 
3.02 
3.10 


(2.4-11.1) (3.3-17.5) | (0.071-0.293) 

178459 (24.3410 | 0.491 + 0.182 
(7.7-34.9) | (10.9-50.7) | (0.291-0.930) 

7.28 11.3 | 0.465 

7.64 | 11.5 | 0.443 

10+09 | | 1.46 + 0.13 
(9.1-14.3) | (1.21-1.89) 

10.0+1.0 | 1.26 + 0.16 
(7.5-12.3) | (0.81-1.62) 

19.73 | 1.01 

26.32 0.80 


| 14.02 


* The figures in parentheses in this column indicate the number of animals used; 
in the other columns they represent the range of values. 
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Again, the enhanced output by women is clearly in evidence. In the case 
of cats another DNP band which moved slightly ahead of the DNP-etha- 
nolamine band was consistently observed. The product is being collected, 
but its identity remains to be determined. At present we know only that 
the absorption spectrum differs from that of DNP-ethanolamine. Al- 
though Stein (7) did not determine ethanolamine concentrations quantita- 
tively, it would appear from his paper (Fig. 1 (7)), and from the calculated 
concentrations of other substances, that the ethanolamine concentration 
in his samples was of the order of magnitude of that reported here. 


Possible Precursors of Ethanolamine 


From the work of Stetten (12), Levine and Tarver (13), Jonsson and 
Mosher (14), and Arnstein (15) it would seem reasonably certain that the 
a- and B-carbon atoms of administered serine appear in the ethanolamine 
fraction of phospholipide hydrolysates. However, Fishman and Artom 
(8), using daily doses of serine over a 12 day period, failed to find any in- 
crease in urinary ethanolamine of rats until the 2nd week of administra- 
tion; the usual symptoms of renal damage from serine toxicity had mean- 
while appeared. It might also be pointed out that the evidence of Jons- 
son and Mosher (14) was inferential, since ethanolamine was not isolated; 
ie., part of the radioactivity of the administered serine could not be ac- 
counted for as “choline trimethyl” but was presumed to be present as 
ethanolamine. The original work of Stetten (12), which demonstrated the 
conversion, is puzzling in the light of later work by others in that glycine 
appeared to be an equally good precursor of ethanolamine (16). Arnstein’s 
evidence is inferential since choline, not ethanolamine, was the substance 
determined. 

Hence, it appeared desirable to seek additional evidence on the con- 
version of serine to ethanolamine by administering serine to normal rats 
and determining ethanolamine in the urine. These experiments were nec- 
essarily preceded by a ‘threshold type” experiment with administered 
ethanolamine (Table V). These data, which must be considered in con- 
junction with those of Table III, show that the catabolism of ethanolamine 
into urea and ammonia (16) or its conversion into ethanolamine phosphoric 
ester, choline, etc. (3, 17-20) is not so rapid as to preclude the possibility of 
detecting ethanolamine formation from an appropriate precursor. When 
serine was administered, subcutaneously or orally, the excretion of etha- 
nolamine was markedly increased, the extra ethanolamine representing 7 
to 11 per cent of the L-serine given (Table VI). While these findings con- 
firm the observations of others that serine is a precursor of ethanolamine, 
they do not throw any light on the mechanism. We propose to explore the 
possible route serine — serine phosphoric ester — ethanolamine phosphoric 
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ester — ethanolamine, which appears to us to be more probable than the 
direct decarboxylation of serine (3, 18, 21-23). 

We next investigated glycine as a possible precursor of ethanolamine. 
Although the direct conversion through reduction of the carboxyl group 


TABLE V 


Ethanolamine Output after Administration of Ethanolamine 


Ethanolamine Excretion, mg 
" : 


administered No. of Recovery, 
ig te is 
weight | ist day | 2nd day 3rd day | Net 
53 | 6 | 95.3 + 6.3 1.12 + 0.09 | 95.68 | 47.8 
(83-107 ) (0.93-1.3) 
33.3 5 41.7 + 5.0 1.12 + 0.13 0.39 + 0.02 | 42.82 36.7 
| (31.1-55.7) (0.97-1.30) (0.37-0.41) | 
3.33 | 4 | 0.90 + 0.04 | 0.57 + 0.02 | | 0.71); 6.3 
(0.85-0.96) (0.55-0.60) 























TaBie VI 
Ethanolamine Output after Administration of Serine and Glycine 
Amino acid administered oy | scenic | ae 
ist day 2nd day | Net of dose* 
pL-Serinet subcuta- | | 
ae 6 6.36 + 0.76 0.73 + 0.09 6.31 7.22 
(4.78-7.88) (0.52-0.89) | 
pu-Serinet orally....| 2 5.94 | 0.89 16.51 | 11.2 
| 6.83 | 0.93 | | 
Glycinet SS) ae 0.38 + 0.02 0 | 
| (0.34-0.41) 
* \ terly.......) © 0.43 + 0.04 0.40 + 0.02 | 0 
(0.37-0.53) (0.35-0.45) 


* Calculated on basis of 100 mg. of pt-serine equivalent to 29 mg. of ethanolamine. 
t 100 mg. per 100 gm. of body weight. 
t 5 per cent incorporation in diet. 


of glycine is disproved (15, 24), it is well established that glycine is convert- 
ible into serine, which should then function as a source of ethanolamine. 
The formation of serine from glycine has been demonstrated both in vitro 
(25) and in vivo (26, 27). Both of the glycine carbons appear in the serine 
which is formed (26), the reaction clearly consisting in the hydroxymethyla- 
tion of glycine by reaction of the latter with formate, with the methylene 
carbon of a 2nd glycine molecule, or with some other source of the hy- 
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droxymethyl group (25, 27). Although Greenberg and Harris, using two 
different ethanolamine methods (2, 4), failed to observe any conversion of 
glycine into liver phospholipide ethanolamine (28), Stetten in 1941 had 
reported a slight conversion (16), in fact just as great as that from serine. 
Qur own observations, presented in Table VI, are entirely negative. We 
are inclined to conclude that under the conditions of our experiments the 
formation of serine or of ethanolamine (from the serine) fails to keep pace 
with the subsequent metabolism of the ethanolamine itself. 

Whether or not serine is the only amino acid precursor of ethanolamine 
is by no means entirely clear. We have observed that on a low protein 
diet (5 per cent casein instead of 18 per cent) the daily excretion of etha- 
nolamine by adult rats is reduced from 0.40 mg. to 0.34 mg. and is increased 
on a high protein diet (50 per cent casein) to 0.80 mg. We propose to 
explore other possibilities by the feeding of labeled amino acids. 


Other Observations 


Two other findings deserve mention: (a) Hypophysectomy leads to a 
substantial reduction in ethanolamine output, to about 50 per cent of that 
of rats of comparable body weight. Six hypophysectomized rats of about 
153 gm. body weight excreted 0.14 + 0.04 mg. (0.08 to 0.20 mg.) on the Ist 
day of observation (2 weeks after hypophysectomy) and 0.15 + 0.03 
mg. (0.10 to 0.19 mg.) on the ensuing day. Six other intact rats of com- 
parable body weight (168 gm.) excreted 0.28 + 0.03 mg. (0.24 to 0.32 mg.) 
on the Ist day and 0.33 + 0.02 mg. (0.28 to 0.36 mg.) on the 2nd day of 
observation. (b) Testosterone and diethylstilbestrol were without effect 
on the ethanolamine output of male and female rats. These substances 
were investigated because of the curious sex dependence of ethanolamine 
output in humans. In rats, it is true, however, that no comparable phe- 
nomenon was observed (Table ITT). 


SUMMARY 


1. A method is described for the determination of ethanolamine in urine. 

2. The ethanolamine output of man, the rat, cat, rabbit, and dog is 
reported upon. The 24 hour output of ethanolamine by young women is 
found to be greater than that of men. 

3. Serine is shown to be a precursor of urinary ethanolamine; formation 
of ethanolamine from glycine could not be demonstrated under the con- 
ditions of these experiments. 

4. Hypophysectomy is found to depress greatly the ethanolamine out- 
put. 


We are greatly indebted to Melvin Haley for very helpful suggestions in 
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respect to development of the method. We wish to thank the many 
students who “volunteered” for the experiments reported upon in Table 
II. 
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Various investigators have demonstrated that choline stimulates the for- 
mation of liver phospholipides in intact choline-deficient rats or dogs (1-3). 
51). The in vitro technique provided a critical test of the hypothesis that choline 
exerts this effect by direct action on the liver cell. With this procedure 
945), | Artom and Swanson (4) showed that phospholipide synthesis is markedly 
depressed in liver slices from rats on a low protein diet and is not increased 
by supplementing this diet with choline. They also demonstrated that 
the addition of choline to choline-deficient slices in vitro stimulated phos- 
pholipide synthesis, though not to normal values. The present study is 
concerned with the quantitative relations between degrees of choline de- 
ficiency and liver phospholipide metabolism in vitro. 





6, 1225 


EXPERIMENTAL 


Healthy, mongrel dogs maintained on a Purina chow diet served as con- 
Chem.,| trol animals. The experimental dogs were fed 15 gm. per kilo of body 
weight of a high fat, low protein, choline-deficient diet (5) for periods ex- 
tending from 7 to 21 days. Another group received the same diet with a 
1 per cent choline chloride supplement! for 21 days. Animals in a post- 
(1940), | absorptive state were killed by rapid intracardiac air injection. A portion 
2, 3316 | of the liver was quickly removed, washed in 0.9 per cent NaCl, blotted, 
sliced with a Martin slicer (6), and weighed on a microtorsion balance. 
One 0.5 mm. thick slice weighing 300 to 500 mg. was added to 5 ml. of 
n.. 180 calcium-free phosphate buffer (Medium II, type A (7)) of pH 7.3 to 7.4, 
"| containing 2.5 we. of inorganic phosphate. The tissue and medium were 
aerated with O» and shaken at a constant rate for a period of 1 hour at 37°. 
75, 683 In each experiment 5 mg. of choline chloride were added to two or three 
samples, and an equal number of samples was incubated without choline. 
The time interval between sacrificing the dog and the beginning of incu- 
bation was ordinarily less than 7 minutes. 
After incubation, the tissue and medium were transferred to a glass 


(1947). 





n., 176, | 


* Supported in part by a grant from the National Institutes of Health, United 
States Public Health Service. 
t Research Fellow of the National Institutes of Health, United States Public 
Health Service. 
‘ Choline chloride was kindly donated by Merck and Company, Inc. 
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homogenizing tube containing 5 ml. of cold 20 per cent trichloroacetic acid 
(TCA). After homogenizing and centrifuging, the supernatant fluid was 
fractionated into inorganic and organic acid-soluble phosphates by mag- 
nesium precipitation (8). After two more washings with 10 per cent TCA, 
the lipides of the tissue residue were isolated by shaking twice with cold 
ethanol, extracting twice for 1 hour with ethanol at 60°, and an 8 hour 
Soxhlet extraction with boiling ethyl ether. The alcohol-ether extract was 
evaporated to near dryness under a vacuum, and reextracted with pe- 
troleum ether (8). Asa result of the TCA treatment, the phosphorus con- 
centration in the petroleum ether extract was about 20 per cent lower than 
the phospholipide phosphorus as determined by extraction of the fresh 
tissue with fat solvents. However, with the latter procedure the ether 
extracts contained significant amounts of non-phospholipide P® which did 
not permit an accurate determination of phospholipide specific activity 
even after shaking with carrier phosphate. As a check on the TCA method 
several liver slices were incubated with radioactive phosphate for 10 sec- 
onds. Subsequent analysis showed that less than 0.01 per cent of the P® 
was incorporated into the phospholipide fraction of these “zero time” 
livers. This amount of P® was less than 5 per cent of the P® in the phos- 
pholipide fraction after 1 hour incubation. 

The choline-containing phospholipides were separated by adsorption on 
magnesium oxide and elution with methanol (9). Cephalin phosphorus 
was separated from the magnesium oxide by 15 hour heating at 70° with 
1 n NaOH. Chemical and radioactive measurements of the phosphorus 
fractions of each slice were determined in duplicate as previously described 


(8). 


Results 


Preliminary work on the influence of Krebs-Henseleit’s Medium I (7), 
on supplemented serum (7), and on the calcium-free phosphate medium 
on tissue phospholipide synthesis established the last medium as the me- 
dium of choice. The rate of phospholipide synthesis in the calcium-free 
phosphate buffer was equal to or greater than the rate in the other me- 
dia. Calculation of the amount of the medium’s inorganic phosphate 
converted to liver phospholipide was simplified by the relatively high con- 
centration of phosphate in the calcium-free solution, which kept its specific 
activity at a constant level. The presence of choline in the medium did 
not affect the phospholipide concentration at the end of the 1 hour incu- 
bation period. In agreement with previous observations (10), the choline- 
deficient liver showed a progressive decrease in the concentration of cho- 
line-containing phospholipides (Table I); after 21 days of deficiency, the 
concentration was reduced to half the normal value, but the cephalin con- 
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centration, determined by the difference between total and choline-con- 
taining phospholipides, exhibited less of a decrease. The neutral fat con- 
centration of the choline-deficient slices was increased, but not enough to 
account for the marked decrease of choline-containing phospholipides by 
dilution. Supplementing the high fat diet with 1 per cent choline chloride 
completely prevented fatty infiltration of the liver but only partially re- 
stored the choline-containing phospholipide concentration. 


Tarus I 


Concentration* and Synthesis of Choline- and Non-Choline-Containing Phospholipides 
during 1 Hour’s Incubation with and without Choline 





P converted to | P converted to 
. choline-contain- non-choline-con- 
Choline- Non-cho- | ing phospholi- |taining phospho- 











Diet Dogs \without | ‘with nies | ee eee 
cholinet choline | lipide | phospho- wa ; 
| Hpide | Without| Choline |without|Choline 
| | choline ins alive choline da vitve 
| 
days | mg. per gm. mg. per gm. 7 7 ¥ Y 
Deficiency 0| 4 10 10 0.67 0.31) 7.6 8.3 | 3.4] 3.9 
+0.02 | +0.01 |4+0.67)/+0.91/+0.30)+0.31 
7| 3 8 | 8 0.45! 0.20| 5.8 | 16.4 | 2.9| 3.2 
| | £0.02 | 0.01 |+0.51)+1.59'+0.09)+0.21 
16 a 11 11 0.38 0.26 4.4 14.5 | 3.5 3.0 
+0.02  +0.01 |+0.61/+2.16 +0.56)+0.33 
21 2 6 6 0.35 | 0.23] 4.0] 18.4) 4.4] 4.6 
+0.01 +0.01 |40.32)/41.17\+0.44)/+0.81 
High fat + 1 %| 21 4 12 12 | 0.44 | 0.31 3.7 4.7 3.2 3.3 
choline chlo- | +0.02 | +0.01 |40.32)4+0.46 +0.18)+0.24 
ride | 

















* Concentrations are expressed as mg. of phospholipide phosphorus per gm. of 
fresh liver. Numerical values are given as the mean + standard error. 
t One slice per medium; each slice was analyzed separately. 


As the concentration of choline-containing phospholipides decreased from 
0.67 to 0.35 mg. of P per gm. with increasing periods of high fat, low protein 
feeding, the incorporation of phosphate into these phospholipides dimin- 
ished from 7.6 to 4.0 y per hour, a decrease of 47 percent. No appreciable 
alteration was noted in the rate of synthesis of the cephalin fraction 
throughout the deficiency. 

The addition of choline in vitro did not influence the rate of phospho- 
lipide synthesis in normal liver slices, but in deficient slices it increased the 
rate of formation of choline-containing phospholipides even above that of 
normal slices. This finding is quantitatively different from that of Artom 
and Swanson (4), who observed that in the rat the addition of choline to 
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choline-deficient slices only partially restored the rate of phospholipide 
synthesis. This stimulatory effect increased progressively with time on 
the high fat diet. The synthesis of choline-containing phospholipides in- 
creased 183, 230, and 360 per cent at the 7th, 16th, and 21st day of de. 
ficiency, respectively.2 The addition of 1 per cent choline chloride to the 
high fat diet for a period of 3 weeks did not improve the rate of synthesis 
of choline-containing phospholipides but prevented a significant stimula- 
tion of synthesis by the addition of choline in vitro. Apparently, the degree 
of stimulation in vitro is a better test for choline deficiency than the absolute 
decrease in synthesis rate. 


DISCUSSION 


The formation of phospholipides by surviving liver slices has been studied 
in rats by Fishler et al. (11), Taurog et al. (12), and Artom and Swanson 
(4). Recalculation of their results showed that the normal rat liver con- 
verted 1.4 to 4.9 y of phosphorus to phospholipide per gm. of liver per hour, 
This is considerably less than a conversion rate of 10.4 to 15.7 y per gm. 
per hour that we observed in normal dog liver slices. This difference, as 
well as other differences between our present results on dogs and those ob- 
tained by others on rat liver slices, may be due to a difference in species, 
diet, or technique. 

Artom and Swanson have interpreted the decreased synthesis of phos- 
pholipides in slices of choline-deficient rats as due chiefly to a decrease in 
cellular activity resulting from a protein deficiency. The finding that 
supplementing the high fat, low protein diet with 1 per cent choline chlo- 
ride did not restore the ability of the dog liver slice to synthesize choline- 
containing phospholipides appears to support their contention. A greater 
réle could, however, be attributed to a choline deficiency, as indicated by 
our findings that non-choline-containing phospholipides and acid-soluble 
phosphates were synthesized at normal rates in the choline-deficient dog 
liver slices, and that the addition of choline to the choline-deficient slice 
increased the synthesis of choline-containing phospholipides to values above 
normal. 

Platt and Porter (13) have suggested that the stimulation of phospho- 
lipide synthesis by choline in the intact rat is the result of a mass action 
effect. This hypothesis does not explain why the addition of excess cho- 
line to normal liver slices of dogs as well as rats (4) does not increase phos- 
pholipide synthesis. 

The stimulatory effect of choline on the synthesis of phospholipides in 
vitro is very similar to the action of choline in the intact dog (3), rat (1), 


* Percentage increase on the 7th day of deficiency is equal to 100 & ((16.4 — 5.8)/- 
5.8) = 183. 
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and man (14). This suggests that choline, in vivo as well as in vitro, exerts 
a direct action on the liver cell. The finding that the magnitude of the 
stimulatory effect depends upon the severity of the choline-deficient state 
might provide a quantitative measure of choline deficiency. This in vitro 
procedure, coupled with the liver biopsy technique, might possibly be 
employed to assay the severity of choline deficiency in patients and to 
test the efficacy of treatment with lipotropic agents. 


The authors are indebted to Mrs. Florence Blevins and Miss Lovell 
Lawrence for their assistance with the analyses. 


SUMMARY 


The dog maintained on a high fat, low protein, choline-deficient diet is 
characterized by a progressive decrease in the concentration of choline- 
containing phospholipides in the liver and a diminished ability of the liver 
slice to synthesize these phospholipides. The addition of choline to the 
medium had no effect on the rate of phospholipide synthesis of the normal 
slice, or a slice obtained from a dog maintained on the deficient diet re- 
ceiving a choline supplement. 

The addition of choline to the choline-deficient liver slice markedly in- 
creased the synthesis of choline-containing phospholipides. The degree of 
stimulation by choline in vitro increased with the severity of the deficiency. 

The synthesis of non-choline-containing phospholipides was not affected 
by choline deficiency or the addition of choline in vitro. 
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EFFECTS OF ESTRADIOL ON THE METABOLISM OF HUMAN 
PLACENTA IN VITRO* 
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(From the Departments of Obstetrics and Biological Chemistry, Harvard Medical School, 
and the Research Laboratories of the Boston Lying-In Hospital, 
Boston, Massachusetts) 


(Received for publication, June 9, 1953) 


The addition of estradiol to human endometrium slices in vitro increases 
oxygen consumption and the rate of metabolism of C'*-labeled glucose or 
pyruvate to carbon dioxide (1). Progesterone does not have these effects 
on endometrial metabolism. Estrogens have been shown to have inhib- 
itory actions on rat liver slices and homogenates (2, 3). The injection of 
estrogens into ovariectomized animals prior to sacrifice increases oxygen 
consumption and glycolysis in the whole rat uterus in vitro (4-6). The 
rate of protein synthesis, measured by the incorporation of C'*-glycine into 
protein, is also increased in the excised uterus by the prior injection of 
estradiol into ovariectomized rats (7). 

The close anatomic and physiologic relationships between endometrium 
and placenta suggested that the latter tissue might also respond to estradiol 
in vitro. Placenta is derived largely from trophoblast, and is thus a fetal 
rather than a maternal organ, but in its early stages, at least, its survival 
depends on continued estrogen stimulation. The general outline of the 
changes in placental metabolism as gestation progresses and some details of 
carbohydrate metabolism in this tissue have been described (8). Thomp- 
son and Tickner (9) have shown that high concentrations (0.001 m) of 
estradiol benzoate increase the oxygen consumption of placenta when ty- 
ramine is present, but observed no effect in the absence of the amine. 
Other investigators (Hayano and Dorfman (10)) have looked for metabolic 
effects of estrogens in vitro but apparently have not examined placenta as a 
possible target organ. 

The present studies indicate that estradiol can exert a stimulatory effect 
on the metabolism of human placenta and that this effect is localized in the 
Krebs tricarboxylic acid cycle. 


Materials and Methods 


Placentas—Young placentas were obtained at therapeutic interruptions 
of pregnancy performed for various medical and surgical indications. No 

* This investigation was supported in part by the Charles A. King and Marjorie 
King Fund, by a grant from Winthrop-Stearns, Inc., and by an institutional re- 
search grant from the American Cancer Society. 

+ Winthrop-Stearns Research Fellow in Obstetrics, Harvard Medical School. 
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correlation between the clinical condition existing in the mother and the 
biochemical activities of the placenta was found. Term placentas were 
obtained from normal spontaneous deliveries, or in a few instances from 
cesarean sections performed at term. No differences in glycogen or total 
solids content, in metabolic activity, or in response to estradiol were ob- 
served between the delivered and surgically removed placentas. In every 
case the tissue was immediately transported to the laboratory in ice-cold 
saline and the incubations were started as soon as the tissue could be pre- 
pared. 

Incubation Methods and Media—In the tissue slice experiments, free-hand 
slices of placenta weighing about 200 mg. were incubated in a medium 
whose ionic composition (in millimoles per liter) was as follows: Nat 80, 
K* 40, Mgt* 10, Cl- 100, and phosphate 40. The pH of the buffer was 
6.9 at the beginning of the experiments and did not differ from this more 
than +0.1 (glass electrode) at the end of the 2 hour experiment. The 
incubations were carried out in conventional Warburg vessels with 100 
per cent oxygen as the gas phase and alkali present in the center wells. 
Glucose was added as a substrate at a concentration of 5.5 mm per liter; 
other substrates were added at concentrations of 10 mm per liter in the 
form of their potassium salts. 

In the homogenate experiments each vessel contained 2.0 ml. of an incuba- 
tion mixture composed of 0.01 yum of cytochrome c, 2.5 um of adenosine- 
triphosphate, 0.75 um of diphosphopyridine nucleotide, 30 um of substrate 
(except when glucose was the substrate in which case there were 16.5 uM), 
30 um of K+, 10 um of Mg**, 20 um of Cl-, 20 um of phosphate, plus 1.0 
ml. of 20 per cent placental homogenate in 0.25 m sucrose. The buffer was 
adjusted to pH 6.9 and did not differ from that value more than +0.1 at 
the end of the 2 hour incubation period. The gas phase was 100 per cent 
oxygen and alkali was present in the center wells. 

“Crude” homogenates of placenta were prepared in a motor-driven, ice- 
cooled all glass Potter-Elvehjem homogenizer and contained 20 per cent 
(weight per volume) placenta in 0.25 m sucrose. Placenta contains large 
amounts of connective tissue which made preparation and pipetting of 
these homogenates difficult, even after filtration through a wisp of glass 
wool. The nitrogen content of each homogenate was determined and 
averaged about 3.0 mg. per ml. 

“Partially purified” homogenates were prepared in a smooth glass ho- 
mogenizer fitted with a Teflon pestle! and contained 20 per cent (weight 
per volume) placenta in 0.25 m sucrose. After homogenization for not 
more than 30 seconds at ice bath temperature, these preparations were 
centrifuged for 10 minutes at 100 X g in a small, angle head centrifuge in 


1 Arthur H. Thomas Company, Philadelphia, Pennsylvania. 
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the cold room. This resulted in sedimentation of the larger cellular res- 
jdues present and flotation of a mass of fibrous connective tissue. The 
sediment and the floating material were discarded and the remaining cloudy, 
free flowing fluid was used in the vessels. Each vessel contained about 1.7 
mg.-of nitrogen in this series of experiments. 

In all experiments estradiol in the form of an aqueous suspension was 
added to alternate vessels to give a final concentration of 4 X 10-*m. Two 
or more vessels with and two or more without estradiol were incubated 
with the tissue preparations from each placenta. 

The results were analyzed statistically either by a simple paired ¢ test or 
by analysis of variance (11). When the latter method was used, the inter- 
group (control versus hormone added) variance was compared to the vari- 
ance associated with the replicate determinations. This procedure segre- 
gated the large variability in control values observed from one placenta to 
the next. The relatively large standard error of the mean associated with 
most of the recorded values is primarily the result of the large interspecimen 
variability. 

Analytical Methods—The dry-wet weight ratios of the placentas were 
determined on weighed aliquots of the original tissue dried to constant 
weight at 110°. The glycogen content of aliquots of the original tissue 
and of the tissue slices after incubation was determined by the method 
of Walaas and Walaas (12), and the amount of glycogen utilized was 
calculated by difference. The glucose content of the medium before and 
after incubation was determined by Nelson’s method (13). Lactic acid 
produced was determined according to Barker and Summerson (14), and 
pyruvic, a-ketoglutaric, and oxalacetic acids were determined before and 
after incubation by a slight modification of the Friedemann and Hau- 
gen procedure (15). A modification? of the method of Natelson, Pincus, 
and Lugovoy (16) was used for citric acid analyses. In the experiments 
in which radioactive substrates* were used, the radioactivity of glycogen 
and glucose was determined in the phenylosazone derivative, that of pyru- 
vate was determined in the 2,4-dinitrophenylhydrazone derivative, and 
the radioactivity of the respired carbon dioxide was determined by con- 
version of the center well alkali carbonate to barium carbonate. The meth- 
ods of preparing, isolating, and purifying these materials for radioactivity 
determination have been previously described (17), as have been the meth- 
ods used in calculating the data derived from these determinations. 


? Personal communication from K. A. C. Elliott. 

® Uniformly labeled C'*-glucose was obtained from the Atomic Energy Commis- 
sion, Oak Ridge, Tennessee. Acetate-1-C'* and pyruvate-2-C' were prepared by 
M. L. Karnovsky and pyruvate-1-C™ by J. M. Foster, both of the Department of 
Biological Chemistry, Harvard Medical School. 
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RESULTS AND DISCUSSION 


Tissue Slice Experiments—The results of incubating slices of young and 
term placentas with and without added estradiol are presented in Tables I 
and II. Table I gives the results obtained with placentas ranging in 
gestational age from 6 to 24 weeks. The control values and variability 
(Columns 1 and 3 of Table I) of the various metabolic functions examined 
are comparable to those found in a larger series previously reported (8), 


TABLE I 
Effect of Estradiol on Metabolism of Young Placental Slices 
6 to 24 weeks gestational age. 








| 
| Glucose + pyruvate Glucose + acetate 





rf 


Estradiol absent (20 Estradiol present 
determinations) (20 determinations) 


Estradiol absent | : 
(8 determin- Estradiol present 
ations) (8 determinations) 

(1) | (2) (3) | (4) 


+ 0.10*| 2.67 + 0.07; 2.92 + 


are | 2.48 + 0.11 | 2.71 | 0.15t 
Glycogen utilization.) 0.13 + 0.32 | 0.35 + 0.30 | 0.22 + 0.23-0.08 + 0.14 
Glucose « 165 £1.0 |80 £1.1¢/64 41.2] 7.1 + 1.2 
Pyruvate = “12.5 1.2 14.7 + 0.8f | 
Lactate production. .|15.8 +1.3 [15.0 +14 |9.5 £1.00, 98 4 1.6 
Pyruvate or acetate | | 

— CO;...... | 0.99 + 0.10 | 1.26 + 0.114 1.67 + 0.48, 2.97 + 0.93f 
CO: from pyruvate or | 

acetate, %......../15.9 +1.9 [20.4 + 2.5f 48.9 4 8.7| 59.1 + 10.4 
Glucose — CO:......| 0.095 + 0.036) 0.12 + 0.029) 0.07 + 0.02, 0.12 + 0.01 
CO: from glucose, %.| 1.96 + 0.28 | 2.75 + + 0.51t 


=" 2.92 + 0.49 4.51 


The Qo, values are in microliters of O2. consumed per mg. of dry tissue per hour 
+ the standard error of the mean. Other values (except percentages) are in micro- 
moles per gm. of wet tissue per hour + the standard error of the mean. 

* P < 0.05 from paired ¢ tests. 

+ P < 0.1 from paired ¢ tests. 

t P < 0.01 from paired ¢ tests. 


In glucose plus pyruvate (Column 2) estradiol increases (P < 0.05) oxygen 
consumption, pyruvate utilization, and the fraction of respired carbon 
dioxide derived from glucose. The observed increases in glucose utiliza- 
tion, the metabolism of the carbony] carbon of pyruvate to carbon dioxide, 
and the fraction of respired carbon dioxide derived from pyruvate do not 
quite achieve statistical significance. In glucose plus acetate (Column 4), 
the data suggest that the hormone increases the oxygen consumption of 
the tissue and metabolism of the carboxyl carbon of acetate to carbon 
dioxide, while there is definite evidence for a hormone-induced increase in 
the fraction of carbon dioxide derived from glucose. The fact that estradiol 
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stimulates oxygen consumption, pyruvate utilization, and the metabolism 
of the carbonyl carbon of pyruvate to carbon dioxide suggests an effect of 
estradiol on some step or steps in the oxidative pathways of pyruvate. 
The fact that estradiol stimulates the metabolism of both pyruvate carbony] 
and acetate carboxyl carbon to carbon dioxide suggests that estradiol is 
effective beyond the point of acetyl coenzyme A in the common oxidative 
pathway of pyruvate and acetate. Of the approximately 12 um per gm. 
per hour of pyruvate that disappear, about 6 go to lactic acid (from a com- 
parison of the control lactic acid production values in Columns 1 and 3), 
about 1 appears as carbon dioxide, and about 5 are unaccounted for. Pre- 





TaBLe II 
Effect of Estradiol on Metabolism of Term Placental Slices 
Glucose | Glucose + pyruvate 
Estradiol absent | Estradiol present | Estradiol absent | Estradiol present 
(20 determina- (20 determina- | (9 determina- (22 determina- 
tions) tions) | tions) tions) 
(1) | (2) (3) (4) 
DS aii we waa Re eh dies 1.64 + 0.07, 1.76 + 0.06*) 1.34 + 0.09) 1.66 + 0.06f 
Glycogen utilization.....| 1.64 + 0.16, 1.76 + 0.17 | 2.37 + 0.25) 2.22 + 0.09 
Glucose Ps ain (5.7 + 0.6$6.9 +406 |5.9 +09) 49 40.3 
Pyruvate eee (9.0 + 0.6 10.9 + 0.7 
Lactate production. .... [11.7 + 0.7 12.3 +0.8 (12.5 + 1.4 [13.2 + 2.1 


The values are in micromoles per gm. of wet weight per hour + the standard 
error of the mean, except Qo, which is in microliters per mg. of dry weight per hour 
+ the standard error of the mean. 

* P < 0.05 from paired ¢ tests. 

+ P < 0.01 from analysis of variance. 

t P < 0.1 from paired ¢ tests. 


sumably the latter have accumulated as metabolic intermediates in the 
tricarboxylic acid cycle. 

Table II describes the results of similar experiments with term placentas 
incubated in a medium containing either glucose alone or a mixture of 
glucose and pyruvate. The rates of metabolism in the absence of estradiol 
are similar to those obtained previously (8). With glucose as a substrate 
estradiol probably increases both the oxygen consumption and glucose utili- 
zation of the tissue. In glucose plus pyruvate there is a well defined in- 
crease in oxygen consumption, but, in contrast to the results obtained with 
young placentas, the increase in pyruvate utilization does not approach 
statistical significance. Since radioactive substrates were not used in these 
experiments, no information as to their eventual fate is available. 

The results of these experiments with slices of term placenta cannot be 
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interpreted as establishing a metabolic effect of estradiol in vitro. How- 
ever, none of the results is inconsistent with the hypothesis that estradiol 
stimulates placental metabolism at some point in the tricarboxylic acid 
cycle. 

Homogenate Experiments—Although the results reported in Tables I and 
II suggested an estradiol effect on the oxidation of pyruvate and acetate, 
they did not rule out some effect on glycolysis. To test this possibility, 
“crude homogenates” were prepared and centrifuged for 1 hour at 57,000 
X gin a Spinco model L preparative ultracentrifuge. The resulting clear, 
cherry-red supernatant liquid was incubated under the conditions described 
above for homogenate experiments except that, since only glycolysis was 
being studied, cytochrome c was omitted from the vessels. Estradiol had 
no effect on either glucose utilization or lactate production: the mean glu- 
cose utilization in twelve determinations was 0.82 + 0.085 um per mg. of 
N per hour in the absence and 0.88 + 0.079 um per mg. of N per hour in 
the presence of estradiol, and lactate production was 1.06 + 0.072 um per 
mg. of N per hour in the absence and 1.01 + 0.057 um per mg. of N per 
hour in the presence of estradiol. 

To test more directly the hypothesis that estradiol stimulates some re- 
action in the tricarboxylic acid cycle, ‘crude homogenates” were prepared 
and incubated with glucose, pyruvate, acetate, or some member of the cycle 
as the substrate (Table III). Other homogenates were incubated with no 
added substrate. Placenta contains some glycogen (18) and this plus the 
intracellular pool of glycolytic intermediates provided the substrate in the 
latter experiments. With all the substrates tested except succinate and 
oxalacetate, there was a significantly higher oxygen consumption when 
estradiol was present in the incubation vessel]. These results clearly dem- 
onstrate that estradiol has a stimulatory effect on the metabolism of pla- 
centa in vitro. 

Further evidence that the hormone does not act on the glycolytic system 
is presented in Columns 3 and 4 of Table III. Except in the presence of 
pyruvate, lactic acid production by the homogenates was not affected by 
the hormone. In the experiments in which pyruvate was present, both 
the control and estradiol-treated preparations produced larger amounts of 
lactic acid than with any other substrate, and in this case the lactic de- 
hydrogenase activity of the preparation was apparently utilized for the 
disposal of some of the hydrogen formed in the oxidative reactions. The 
low rate of oxygen consumption in these experiments agrees with such a 
formulation. In the hormone-stimulated homogenates incubated in py- 
ruvate there is a greater production of such hydrogen and hence an in- 
creased rate of lactic acid production. 

From these data a possible localization of the site of action of the hor- 
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mone can be deduced. When the increase in oxygen consumption induced 
by estradiol is calculated as a fraction of the control oxygen consumption, 
the largest estradiol effects (15 to 19 per cent) were observed with acetate, 
glucose, and pyruvate. Clear cut estradiol effects on oxygen consumption 
were observed with citrate and a-ketoglutarate (11 to 13 per cent). As 


Taste III 
Metabolism of ‘‘Crude’’ Placental Homogenate 








| Qo) | tat — 
Substrate a e | . Th 
| | Estradiol | 1% Estradiol | 
| absent | Present | absent | Present Absent Present 
} (1) (2) (3) (4) 
_ — |— — 
None (16) 10.43} 11.56 | 0.34) 0.36 | 
+0 .95)+0.78*|+0.04)+0.04 | 
Glucose (14) 8.06) 9.46 | 0.26) 0.27 | 


+0.45)+0.55* +0.03/+0.03 
Pyruvate (22) 7.44, 8.52 | 0.49) 0.57 Apparent pyruvate utilziation 
+0.69/+0.82* +0.03/+0.03* 0.12 + 0.03 0.34 + 0.04* 





Acetate (14) 9.74 11.65 | 0.22) 0.22 
+0.82)+0.72* +0.03)/+0.03 
Citrate (12) | 10.52} 11.68 0.12) 0.14 
\+0.46)/+0.62* +0.02/+0.02 
a-Ketogluta- | 13.38] 15.17 | 0.30) 0.31 Apparent ketoglutarate production 
rate (14) +0.93)+0.90* +0.04)+0.04 0.057 + 0.032 0.053 + 0.044 


Succinate (12) bodes 18.09 0.30) 0.34 
\+0.71)/+0.75 +0.03)+0.03 
Malate (10) | 14.64) 15.76 | 0.23) 0.24 
+1.49)-+1.45* +0.04/+0.04 
Oxalacetate (10)| 7.12) 6.96 | 0.36) 0.36 Apparent oxalacetate utilization 
j+0.63)+0.55 +0.02/+0.02) 0.69 + 0.059 | 0.69 + 0.085 

















The values are in micromoles per mg. of N per hour or in microliters per mg. of 
N per hour (Qo, (N)) + the standard error of the mean. The number of determina- 
tions is given in parentheses. 

* P < 0.01 by analysis of variance. 


compounds farther around the tricarboxylic acid cycle were used as sub- 
strates, the effect of the addition of estradiol was smaller, although the 
progression is not completely regular. Thus estradiol seemingly acts at 
some point early in the cycle. 

Although these homogenates utilize oxygen at a moderately rapid rate, 
comparable to that of placental slices, they do not produce accurately 
analyzable amounts of labeled carbon dioxide from radioglucose or radio- 
acetate, as placental slices do. Furthermore, the apparent rate of pyruvate 
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and oxalacetate utilization is quite small (Column 5, Table III) and, with 
a-ketoglutarate as the substrate, there is an apparent net accumulation of 
keto acids. The analytical method used in these experiments does not 
distinguish between these three a-keto acids. If a-ketoglutarate accumu- 
lated during incubation, the calculated pyruvate and oxalacetate utiliza- 
tions would be smaller than they should be. 

If in these homogenate preparations some step between a-ketoglutarate 
and oxalacetate were rate-limiting, a-ketoglutarate would accumulate. If 
the limiting reaction were sufficiently slow, it would also account for the 
minute amounts of radioactive carbon dioxide derived from radioglucose or 
radioacetate. 


TABLE IV 
Effect of Estradiol on Metabolism of Pyruvate by ‘“‘Partially Purified’? Term Placental 

Homogenate 

Estradiol absent Estradiol present 

Qo, (N) @)......... Sete cx ch a + 0.98 | 14.75 + 1.00 
Apparent pyruvate utilization (6)...| 0.42 + 0.05 | 0.73 + 0.04 
Lactate production (6)............... 1.11 +0.11 | 1.381 + 0.03 
Pyruvate-1-C'4 — CO, (3)......... 0.1038 + 0.002 | 0.116 + 0.004 
Pyruvate-2-C'4 — CO, (3)..........| 0.00173 + 0.00025 | 0.00209 + 0.00034 


The values are in micromoles per mg. of N per hour + the standard error of the 
mean, except Qo. (N) which is in microliters per mg. of N per hour + the standard 
error of the mean. Pyruvate oxidation results are in micromoles of pyruvate re- 
quired to produce the observed CO.. The number of determinations is given in pa- 
rentheses. 


To demonstrate the existence of such a rate-limiting reaction a “partially 
purified” homogenate was incubated with pyruvate as the substrate in the 
absence and presence of added estradiol. Half the incubation vessels con- 
tained pyruvate-1-C" and half pyruvate-2-C". By removing metabolic- 
ally inactive nitrogen (connective tissue) in the preparation of this ho- 
mogenate its activity was increased and the estradiol effect on oxygen 
consumption and apparent pyruvate utilization was more marked (Table 
IV). There was a striking difference in the amount of the carbonyl and 
carboxyl carbon metabolized to carbon dioxide. The carboxyl carbon was 
converted to carbon dioxide 55 to 60 times as rapidly as the carbony] 
carbon, indicating that 2-carbon fragments are made available for con- 
densation with oxalacetate more rapidly than they are metabolized to 
carbon dioxide by the cycle. The carbonyl carbon of pyruvate will not be 
converted to carbon dioxide on its first trip around the citric acid cycle. 
Thus one or more reactioris in the tricarboxylic acid cycle must be rate- 
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limiting and some of the 2-carbon fragments derived from the a- and 6-car- 
bons of pyruvate are presumably trapped as intermediates in the cycle. 
The addition of estradiol increased the conversion of both the carboxy] and 
the carbonyl carbons of pyruvate to carbon dioxide about 15 per cent, 
which is similar to the estradiol effect on oxygen consumption. The previ- 
ously observed effect of estradiol on lactate production was present. 

The identity of the chief intermediate that accumulates and a further 
localization of the site of action of estradiol were provided by the experi- 
ments summarized in Table V. Citrate was selected as the substrate to 
avoid interference in the a-keto acid analyses and “partially purified” 
homogenates were used. In the control experiments there was again an 
accumulation of a-keto acid. This acid was characterized by chromatog- 


TABLE V 
Effect of Estradiol on Metabolism of Citrate by ‘‘Partially Purified”? Term Placental 
Homogenate 


Estradiol absent (16 Estradiol present (16 

determinations) determinations) 

RE Oe ee eae ee .. ia 22.24 + 1.35 27.06 + 1.80* 
Citrate utilization. ..... ; 1.83 + 0.28 2.38 + 0.40f 
a-Ketoglutarate production......... 1.20 + 0.11 1.66 + 0.13* 


The values are in micromoles per mg. of N per hour + the standard error of the 
mean, except Qo, (N) which is in microliters per mg. of N per hour + the standard 
error of the mean. 

* P < 0.1 by analysis of variance. 

+ P < 0.01 by analysis of variance. 


raphy of the combined media from one of the experiments on a silica gel 
column according to the procedure of Bulen, Varner, and Burrell (19). A 
plot of titration values against eluate number showed a definite peak in the 
region corresponding to a-ketoglutaric, succinic, and lactic acids (which 
were eluted very close together). Analysis of the combined fractions con- 
stituting this peak demonstrated the presence of an a-keto acid which, by 
virtue of its position in the chromatogram, could be only ketoglutarate. 
In these experiments with citrate as substrate there was also good evi- 
dence for an estradiol effect. Oxygen consumption was increased 22 per 
cent by the hormone, while citrate utilization increased 30 per cent and 
a-ketoglutarate accumulation increased 38 per cent. Thus, the reaction se- 
quence citrate — cis-aconitate — isocitrate — a-ketoglutarate is apparently 
subject to hormonal influence in vitro. These experiments do not rule out 
possible effects of estradiol on other reactions of the tricarboxylic acid cycle, 
nor do they eliminate a possible effect on the electron transmitter system 
as suggested by Guidry et al. (3). The latter possibility seems quite un- 
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likely, however, in view of the fact that estradiol had no effect in the 
homogenate experiments with succinate as substrate (Table III). 

Whether these hormonal effects in vitro have any relation to the mani- 
festations of hormone action in vivo cannot be decided at this time. They 
may well be related, inasmuch as the continuation of pregnancy is de- 
pendent on a continuing supply of estrogenic hormones. However, the 
fact that in the human the placenta itself produces estrogens after about the 
3rd month of pregnancy complicates the problem. 


We appreciate the cooperation of the staff of the Boston Lying-In Hos- 
pital in making these studies possible. Our special thanks are due to Ruth 
LaPlace and Barbara Quarles for their assistance with the experiments 
and to Jean McCormick of the Biophysical Laboratory for the C™ anal- 
yses. Estradiol-17-8 was generously provided by the Schering Corpora- 
tion. 


SUMMARY 


1. Estradiol, added in vitro, stimulates the oxidative metabolism of young 
and term placental slices, and of term placental homogenates incubated in 
a variety of substrates. 

2. Evidence is presented which indicates that a site of action for these 
hormone effects lies in the tricarboxylic acid cycle between citrate and 
a-ketoglutarate. 
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The fact that freezing caused marked changes in oxidative activity of 
tissues was of comparatively little interest until it became apparent that 
most if not all the enzymatic activities of cells could be reproduced under 
suitable conditions in cell-free systems. Isolated soluble enzymes were 
usually unaffected or even stabilized by freezing, and damaging effects of 
freezing on other enzymes could be attributed to destruction of cells. 
Thus Lynen (1), in a study of frozen yeast cells, ascribed the effects of 
freezing to dilution of the enzymes and cofactors resulting from breaking 
of cell membranes. He also showed that diphosphopyridine nucleotide 
(DPN) restored activity of aleohol dehydrogenase after freezing. In a 
comparable study on animal tissues (2), he also ascribed the effects of 
freezing to breaking of cells. 

De Robertis and Nowinski (3, 4) showed that respiration and succinate 
oxidation not only of frozen liver slices, but also of frozen liver homog- 
enates, were greatly reduced. Lynen (5), using kidney homogenates, ob- 
tained the same results and concluded that there were effects of freezing 
other than destruction of cell membranes. 

The sensitivity of particulate or mitochondrial enzyme systems to freez- 
ing has been a common observation. Loomis (6) reported a stabilization 
of such activity by fast freezing in the presence of substrate and sucrose. 
Huennekens and Green (7) showed that added DPN would restore some of 
the activity of frozen washed homogenates. Repeated slow freezing and 
thawing have been used in methods of preparation of pyruvic and a-keto- 
glutaric dehydrogenase (8,9). Williams (10), after freezing mitochondrial 
preparations, found an increased requirement for adenosinetriphosphate 
(ATP) in choline oxidation. 

The particulate oxidative enzymes of rat liver are largely inactivated by 
freezing. A detailed study of these enzymes was therefore undertaken, 
with the results described in this report. 


* Presented at the 122nd annual meeting of the American Chemical Society, 
Atlantie City, New Jersey, September 14-19, 1952. 
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EFFECTS OF FREEZING ON ENZYMES 


Methods 


Enzyme Systems—Washed homogenates or mitochondria of rat liver were 
prepared by the methods of Green et al. (11), Kennedy and Lehninger (12), 
and Hogeboom et al. (13), or by slight modifications of these procedures, 
Since the effects of freezing were found not to depend on method of prepara- 
tion of the homogenate, most of these experiments were performed on 
washed homogenates prepared by a rapid method with magnesium chloride 
as a precipitant. Rat liver was homogenized in 0.04 M magnesium chlo- 
ride and centrifuged for 5 minutes at 2200 X g. The precipitate was twice 
washed by resuspending in 0.04 M magnesium chloride and centrifuging at 
2200 X g for 3 minutes. An alternative method was to homogenize in 
0.25 m sucrose and centrifuge for 10 minutes at 600 X g. The supernatant 
fluid was decanted, made 0.04 m with magnesium chloride, and centrifuged 
at 2200 X g for 10 minutes. The precipitate was then washed twice with 
0.04 Mm magnesium chloride as above. Washed homogenates prepared with 
magnesium chloride showed enzymatic activities comparable to prepara- 
tions from other procedures, while the yield of activity was higher. 

Freezing—The enzyme suspension was frozen by immersion of a flask in 
a dry ice-acetone bath until the suspension acquired a characteristic white, 
dry appearance. 

Oxygen Uptake—Each Warburg flask contained potassium phosphate 
buffer (pH 7.35) 0.033 mM, magnesium chloride 3.3 xX 10-* M, substrate 
0.0167 mM, DPN 1.0 X 10-* m, ATP 0.002 M, nicotinamide 0.01 M, cyto- 
chrome c 3 X 10-* mM, and homogenate 0.2 to 0.6 mg. of N per ml. In 
addition, when the substrate was pyruvate, octanoate, lactate, or propi- 
onate, the flask contained 0.01 m potassium bicarbonate; when malate, 
oxalacetate, aspartate, or octanoate was the substrate, each flask contained 
0.033 M magnesium chloride. Octanoate was used as substrate at a con- 
centration of 6.7 X 10-4 m, and when succinate was studied the flask con- 
tained buffer 0.033 mM, cytochrome c 3 X 10-* M, succinate 0.0167 m, and 
homogenate 0.1 to 0.3 mg. of N per mJ. The bath temperature was 30°, 
and substrate and enzyme were both placed in the main compartment 
before equilibration. Although values for the blank oxygen uptake were 
usually insignificant, they were subtracted from uptakes obtained in the 
presence of substrates. 


RESULTS AND DISCUSSION 


The results of freezing on enzymatic activity of rat liver homogenate are 
shown in Table I. Each figure represents an average of three or more 
experiments. In no case was enzyme activity unaffected by freezing, and 
the presence or absence of added coenzymes had an important influence 
on the result. 
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Effects of Coenzymes—Except for the oxidation of succinate, in every case 
in which sufficient activity could be recovered to test the effect of DPN, 
an increased requirement for DPN was found after freezing. Data on 
oxidation of L-malate after freezing have been previously reported (7). In 
agreement with this report, endogenous DPN was no longer precipitable 


TABLE I 
Effect of Freezing on Oxidative Activity of Washed Rat Liver Homogenate 
Oxygen uptake of frozen homogenate as per cent of oxygen uptake of unfrozen 
homogenate with addition of the same coenzymes. The figures in parentheses 
represent oxygen uptake of unfrozen homogenate with the coenzyme lacking as per 
cent of oxygen uptake of unfrozen homogenate with all three coenzymes present. 


Recovery of activity after freezing 


Unfrozen; 
Substrate complete ; 
system* Complete | DPN ATP Cytochrome 
systemt | omitted omitted ¢ omitted 
Buccinatet...... 05.22.58. 500 85 17 (47) 
CNG chr es eatenavia 190 69 | 138 (53) 18 (25) 91 (73) 
= See | 200 72 «| 22 (19) 
Acetaldehyde........... 80 71 25 (41) 61 (84) 86 (66) 
S-PVOMMS..........00008. 280 45 | 16 (98) 51 (74) 56 (43) 
Lt-Glutamate............ 250 52 14 (63) 50 (39) 49 (39) 
Choline chloride. ... 35 126 115 (87) 66 (198) 112 (103) 
8-Hydroxybutyrate..... 140 68 22 (98) 74 (125) 85 (100) 
u-Malate................ 70 29 9 (109) | 25 (55) 32 (38) 
pi-Lactate.......... mer 50 27 6 (59) 27 (100) 25 (101) 
a-Ketoglutarate........ 190 28 7 (57) (6) 25 (68) 
Oxalacetate............. 90 15 5 (88) 
L-Aspartate............. 30 12 0 (100) 
Propionate........... - 15 11 4 (62) 
FT WVON 65 oss cscsiccaes 90 -9 
Octanoate.......... 160 0 


* Microliters of oxygen per hour per mg. of nitrogen. 

+ Containing added ATP, DPN, and cytochrome c. 

t ATP and DPN were not added in succinate oxidation. 
§ TPN substituted for DPN. 


by centrifuging after freezing, although the oxidase activity itself was. 
Freezing had no effect on DPN content itself nor on DPN nucleosidase. 
Since the DPN content was unchanged by freezing, the DPN present must 
have become less effective. Ochoa ((14) p. 60) has cited other cases in 
which coenzymes after dissociation are required in larger concentrations 
than were originally present in the holoenzyme. 

There was no indication of an increased requirement for ATP after 
freezing except in the cases of the substrates citrate and choline. A detailed 
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study of the latter has already been reported by Williams (10), and, since 
our results are in agreement, they will not be discussed here. A study was 
made of the effects of substitution of adenosinediphosphate (ADP) and 
adenosinemonophosphate (AMP) for ATP. The averages of three experi- 
ments are shown in Table II. ADP gave almost the same results as ATP 
after freezing. On the other hand, AMP was wholly ineffective after 
freezing. Although AMP had an activating effect almost equal to or 
somewhat greater than that of ATP before freezing, after freezing the 
result was the same as if no adenylic compound were present at all. The 
suggestion has been made that AMP, in common with other phosphate 


TaBLe II 
Comparative Effects of ATP, ADP, and AMP on Oxidative Activity after Freezing 
Oxygen uptake of frozen homogenate as per cent of oxygen uptake of unfrozen 
homogenate. The figures in parentheses represent oxygen uptake of unfrozen ho- 
mogenate as per cent of oxygen uptake when ATP was present. 


Recovery of activity after freezing 





Substrate : : ae ‘~ 
Comeiet | ADS ieee | AME ieee | te are 
NE ce bsalip parnvarinn' dr 65 65 (91) 16 (80) 18 (39) 
Acetaldehyde............. ie 72 74 (117) 49 (109) 71 (72) 
I 6 ra eis vera Gabe wm 37 37 (107) 39 (89) 47 (68) 
Lt-Glutamate............. on Se 52 31 (108) 31 (127) 46 (51) 
Choline chloride....... 137 147 (101) 60 (174) 58 (235) 
- - i ees 142 106 (114) 130 (120) 78 (151) 
B-Hydroxybutyrate......... 64 89 (120) 70 (125) 72 (116) 


* Containing cytochrome c, DPN, and ATP. 
t Data of Williams (10). 


acceptors, activates by permitting more oxidative phosphorylation (15). 
and, since phosphorylation has never been demonstrated by us after freez- 
ing, the present results are in accord with this suggestion. An alternative 
possibility is that AMP is not an activator until it has been phosphorylated 
to ADP or ATP. ATPase of washed liver homogenate was unaffected by 
freezing.’ 

It was thought that the increased requirement for ATP and DPN after 
freezing, as shown in oxidation of citrate, might be due to an increased 
requirement for triphosphopyridine nucleotide (TPN), since washed ho- 


1 Inorganic phosphate of unknown origin was apparently formed by the freezing 
process. Trichloroacetic acid filtrates of unfrozen mitochondrial preparations con- 
tained about 10 y of P per mg. of N. After freezing, this value was increased by 50 
per cent. 
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mogenates of this type have been shown to catalyze the transformation of 
DPN and TPN in the presence of ATP (16). However, when TPN was 
substituted for DPN, there was still an increased requirement for ATP in 
citrate oxidation after freezing (Table I). ATP must then have some 
specific function in citrate oxidation other than the transformation of DPN 
to TPN. 

There was no increased requirement for cytochrome c after freezing ex- 
cept in the case of oxidation of succinate. Since this oxidation was 2 to 10 
times as rapid as any of the others studied, it might be expected that this 
coenzyme would not be limiting for other oxidations. The situation was 
not this simple, however, because the oxidation of other substrates by un- 
frozen homogenates was considerably lower when cytochrome c was not 
added. In the oxidation of citrate, acetaldehyde, and proline, the reaction 
rate was limited more by omission of cytochrome c before freezing than 
afterward. This resulted in a higher per cent recovery without added 
cytochrome c than with it, although the absolute recovery was about the 
same. After prolonged centrifuging, absorption bands corresponding to 
reduced cytochrome c were found in the supernatant solution of frozen 
washed homogenate.? It would therefore appear that except in the case 
of succinic dehydrogenase, endogenous cytochrome c is no more effective 
than added cytochrome c. 

No other coenzymes had any effect whatever on recovery of oxidative 
activity of washed homogenate of rat liver after freezing. Those tested 
included coenzyme A, flavin-adenine dinucleotide, cocarboxylase, pyridoxal 
phosphate, and boiled enzyme extracts. 

Freezing Whole Liver—When liver was frozen immediately after removal 
from the animal and a washed homogenate then prepared, the oxidative 
activity of the homogenate was qualitatively similar to that found when 
the homogenate was prepared first and then frozen, although the yields of 
activity were low. 

Effect of Sucrose—Treatment with glycerol has been found to preserve 
the viability of spermatozoa during freezing (17). A study of the effects 
of glycerol, ethylene and propylene glycols, and sucrose in 30 per cent 
concentration on preservation of activity of washed liver homogenates was 
made. All of these compounds acted to prevent the destructive action of 
freezing. Ethanol (30 per cent), dioxane (30 per cent), potassium chlo- 
ride (25 per cent), and serum albumin (15 per cent) were ineffective. 
Treatment of the homogenate with high concentrations of glycerol or gly- 


* A considerable quantity of material capable of reducing cytochrome c was found 
in these systems immediately after freezing. Cytochrome c added in more than 50 
times the amount found in the supernatant solution was reduced by frozen homo- 
genate. 
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cols inactivated certain of the enzymes, but sucrose did not have this effect, 
Accordingly, only the effect of sucrose was studied in detail. 

In Table III are shown the results of single experiments in which the 
homogenate was frozen in 30 per cent sucrose. Even in the absence of 
DPN, good recoveries of activity were obtained. The protective action of 
sucrose was evident at relatively low concentrations, becoming evident at 
4 or 5 per cent and maximal at 10 per cent. It was therefore possible to 
test the effect of freezing in sucrose on oxidative phosphorylation. After 


Taste III 
Effect of Presence of 30 Per Cent Sucrose on Freezing Washed Liver Homogenate 
Oxygen uptake of frozen homogenate as per cent of oxygen uptake of unfrozen 
homogenate. The figures in parentheses are oxygen uptake of unfrozen homogenate 
treated with 30 per cent sucrose as per cent of oxygen uptake of untreated unfrozen 
homogenate. 


Added coenzymes 


Substrate | | pr mer Sucrose present 

— ATP | | 

chrome ¢ | 
NE chit sda rauticasonetonbs - - | @ 71 (98) 
Citrate tee a oo 11 100 (87) 
PUNO oii ois lib ae cords yaswseaseuns + + 28 71 (63) 
L-Proline . Ce ee OE Oe ere ge nee + + 39 91 (110) 
OEE EE Te + oe 0 90 (70) 
Choline chloride. . ae + -. 65 86 (110) 
ee + + 2 93 (81) 
pu-Lactate.............. ' Rig besten sles + ao 30 86 (101) 
a-Ketoglutarate...................... + a 11 98 (41) 
Pyruvate........ pe Fist Pca ik ae DOS OE + + 0 98 (49) 
hh si ee kpoca eu Jbibaas ocsnets 4 + 0 87 (62) 





* Sucrose absent during freezing. Final sucrose concentration in all Warburg 
flasks, 2 per cent. 


treatment with 30 per cent sucrose for a brief period, no oxidative phos- 
phorylation could be demonstrated in washed liver homogenates, whether 
frozen or not. After the homogenate was frozen in 8.5 per cent sucrose, 
65 per cent recovery of oxidative phosphorylation with a-ketoglutarate as 
substrate was obtained. Recovery of oxygen uptake was somewhat higher, 
and the P:O ratio was thus lowered by freezing. 

A microscopic examination was made of washed homogenate frozen by 
dry ice, in the presence and absence of sucrose. In the absence of sucrose, 
crystallization began at relatively few nuclei, and large elongated crystals 
were formed. After thawing, the enzyme-bearing particles were no longer 
discrete units, but had been compressed into strands between the crystals. 
With sucrose, crystallization began at many nuclei, and the crystals were 
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but little larger than the enzyme-bearing particles. After thawing, these 
particles remained apparently unchanged. 

Effect of Substrate—When the washed homogenate was frozen in the 
presence of 0.25 mM substrate, there was an increased recovery of activity. 
Table IV shows the results of single experiments. The effect of substrate 
was found whether DPN was present or not. A substrate concentration 
of 0.01 m had a less definite protective action. Freezing in the presence 
of one substrate protected the capacity to oxidize not only that substrate, 
but other substrates as well. The protective action of substrate could not 


TABLE IV 
Effect of Presence of 0.25 m Substrate on Freezing Washed Liver Homogenate 


Oxygen uptake of frozen homogenate as per cent of that of unfrozen homogenate. 
Cytochrome c and ATP were added to all flasks except as noted. 








oo vise kines ssicevteausasFahenpoceauea - -- | + 

I ong wcucaswandscestseksenennsesthanaue + — ao 

Succinate . ner eee ' 27 44 | 56 | 86 
Citrate...... genes Lngwmbetons 5 66 40 | 99 
Acetaldehyde........... ye batehraciied 9 18 | 60 | 84 
pProaliae............ estate kas | 14 | 42 51 | 76 
u-Glutamate........ eeeedeweea es 0 9 | 65 78 
Choline chloride . eer 53 68 | 158 | 176 
i-Malate. . veeseeeeeel 16 | 8 | 2 | & 
pL-Lactate . . ; uf ieee see 5 6 | 43 52 
a-Ketoglutarate........ eeimee 2 gle @e 4 A | 20 «| 33 
ee SCT e TERE CRORE TEC Cre 12 29 4 14 


Pyruvate........ sia pdbrcinws 0 10 —2 4 





* DPN was added or omitted in the Warburg flasks except with choline and suc- 
cinate. In the former case, ATP was added or omitted; in the latter, cytochrome c. 
+ During freezing. Final substrate concentration in all flasks, 0.0167 m. 


be duplicated by removal of oxygen by evacuation of the enzyme before 
freezing. 

Speed and Extent of Freezing—When a washed homogenate was first 
frozen at —10° (1 hour) and then in dry ice-acetone, the extent of damage 
was less than when the homogenate was frozen directly in dry ice-acetone. 
Still less destruction was found when the enzyme was frozen only at — 10°. 
The latter temperature was above the eutectic temperature of the salts 
present. Freezing was visibly not complete, and the ice mass had a moist 
appearance. 


Conclusions 


There is no evidence that the effect of freezing here observed is other 
than a mechanical one, in which enzyme-bearing particles are modified by 
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compression and shearing between ice crystals. Slow freezing would be 
less damaging because the stresses produced would be less, even though 
crystal size was larger. Freezing in sucrose would be less damaging because 
of smaller crystal size. Sucrose could hardly have much dehydrating effect, 
since it is active at isotonic or hypotonic concentrations. The reason for 
the protective action of substrate does not appear to have any simple 
interpretation. 

The known ways in which the particles are modified by freezing consist 
of a loss of identity of the particles, release of coenzymes, and rendering 
certain proteins soluble. An obvious hypothesis to explain the effects of 
coenzymes is an extension of Lynen’s idea from cells to cell particles. If 
the enzyme-bearing particles have a membrane which is destroyed by 
freezing (or for that matter, any organized structure which is disrupted by 
freezing), the enzymes and coenzymes would be released and a dilution 
effect obtained. In any consecutive reaction sequence, the rate of the 
over-all reaction would be higher if all enzymes and coenzymes were |o- 
calized in small units, rather than distributed throughout the solution. 
This dilution hypothesis, while applicable to several of the oxidations stud- 
ied, does not explain why some of the reactions are apparently irreversibly 
lost by freezing, unless it is assumed that new, and as yet unknown, co- 
factors are involved. 

The one coupled reaction measured, oxidative phosphorylation, was 
stopped by freezing, and it is possible that some of the oxidations studied 
are coupled reactions, which are also completely prevented by freezing. 
There is a lack of independent evidence for this point of view, however. 


SUMMARY 


1. Freezing with dry ice caused marked reductions in the capacities of 
washed rat liver homogenates to oxidize most substrates. Under optimal 
conditions, only seven out of fifteen oxidative activities of rat liver showed 
recoveries of better than 50 per cent after freezing. Oxidative phospho- 
rylation stopped completely after freezing. 

2. Almost all oxidative activities showed some recovery after freezing on 
addition of pyridine nucleotides. Furthermore, added cytochrome c aided 
recovery of succinate oxidation, and added ATP aided recovery of choline 
and citrate oxidation. Other coenzymes had no effect. 

3. Freezing in sucrose solution prevented most of the destructive effects. 
Freezing in the presence of substrate was less effective. 

4. Slow freezing was less destructive than fast freezing. 

5. It is suggested that the effect of freezing may be a mechanical] one, in 
which essential elements of structure in enzyme-bearing particles are dis- 
rupted by physical forces of shear between ice crystals. 
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LATENT ADENOSINETRIPHOSPHATASE ACTIVITY IN 
RESTING RAT LIVER MITOCHONDRIA* 
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Both calcium and magnesium ions have been shown to activate the 
breakdown of ATP! in whole homogenates of rat liver (2, 3), but purified 
ATPase from mitochondria was activated only by magnesium (4). Intact 
mitochondria have yielded divergent results (5, 6) with respect to the 
effect of calcium on their ATPase activity.2 These differences may de- 
pend on the state of the mitochondria, as will be shown in this paper. 

Freshly isolated rat liver mitochondria have very little ATPase activity 
(7-9), but a great increase in activity results from the addition of DNP 
(8, 9). The fresh preparations also exhibit low rates of oxygen uptake 
even in the presence of substrate and increase their oxidative activity when 
ATP breakdown or turnover is increased (7-14). The mitochondria are 
considered as resting if they are operating at a rate of ATP turnover that 
is (a) near a low or minimal level and (6) capable of exhibiting a much 
higher turnover (cf. (9, 11)). The significance of these properties is sug- 
gested by our recent report on the intramitochondrial regulation of the 
oxidative rate (11). 

The present study is a direct outgrowth of a report by Kielley and Kiel- 
ley (7), referred to earlier, and is concerned with one of the properties 
that helps to characterize resting mitochondria in the above terms, 
namely, latent ATPase activity. 


EXPERIMENTAL 


Mitochondria of fed rats were prepared by the method of Schneider 
and Hogeboom (15). They were washed once with cold isotonic sucrose, 
and, after centrifugation, the loose fluffy layer above the mitochondria was 


* This work was supported by a grant (No. C-646) from the National Cancer In- 
stitute of the National Institutes of Health, United States Public Health Service. 
Part of this work was presented at the meeting of the American Society of Biological 
Chemists at New York, April 14, 1952 (1). 

' The following abbreviations are used: ATP, adenosinetriphosphate; AMP, adeno- 
sine-5’-phosphate; ADP, adenosinediphosphate; IP, inorganic phosphate; DNP, 
2,4-dinitrophenol; PCA, perchloric acid. 

* The term ATPase activity will be used to describe the release of inorganic phos- 
phate from ATP regardless of the mechanism or number of enzymes involved. 
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swirled off. The mitochondria were then taken up for use in cold isotonic 
(0.25 m) sucrose. All preincubations were carried out in isotonic sucrose 
and all enzyme assays were done in reaction mixtures that were supple- 
mented with enough sucrose to make the final mixture isotonic (9). This 
amount was calculated on the arbitrary basis that 0.25 m sucrose was 
taken as isotonic, and the other additions were assumed to furnish osmotic 
equivalents on the basis of 100 per cent ionization. Thus in Table I the 
last mixture contained 4 um of ATP, 2 um of CaCl, , 4 um of MgCl. , and 
470 uM of sucrose in a volume of 2.0 ml. All incubations were at 30°, with 
oxygen consumption measured in Warburg vessels and the assays for ATP 
breakdown performed in 13 X 100 mm. test-tubes. 

In the experiments in which the individual nucleotides were to be meas- 
ured, enzyme action was stopped by adding PCA at a final concentration 
of 0.5 m. After centrifuging the protein, the supernatant fluid was neu- 
tralized with KOH and stored in the refrigerator overnight. The insoluble 
potassium perchlorate was centrifuged and the supernatant fluid used for 
ion exchange chromatography. The enzymatic assays in which only in- 
organic phosphate was determined were stopped by adding PCA, as above, 
or trichloroacetic acid to a final concentration of 7 per cent. 

The nucleotides in the medium were separated by the ion exchange 
method of Cohn and Carter (16) as modified slightly (17). Inorganic 
phosphate was measured by the following modification of the Lowry- 
Lopez method (18). To insure the correct final pH (18) the 1 per cent 
ammonium molybdate solution contained 0.05 m sodium acetate in order 
to buffer the ascorbic acid which was later added. Also, enough KOH 
was added to the acetate buffer solution to neutralize the amount of per- 
chloric or trichloroacetic acid contained in the aliquot taken. In a com- 
parison of this method with the Fiske and Subbarow procedure (19), 
experiments in which the “ATPase” activity of the mitochondria was 
determined gave identical results for inorganic phosphate output. It is of 
interest that low concentrations of cyanide increase the time needed for 
the development of the color in the Lowry-Lopez method, while similar 
amounts had no effect on color development in the Fiske and Subbarow 
procedure. It was found that either perchloric acid (final concentration 
0.5 m) or trichloroacetic acid (final concentration 7 per cent) could be used 
to stop the enzymatic reaction without having any effect on the develop- 
ment of the color in the Lowry-Lopez method. However, when larger ali- 
quots of the deproteinized filtrate were used (0.4 ml. in a final 3.0 ml. 
solution), both acids tended to give proportionally higher readings than 
those obtained with smaller aliquots (0.2 ml. or less in a final volume of 
3.0 ml.). 

The ATP and AMP were obtained either as the barium or sodium salts 
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from the Pabst Laboratories, and the barium salt of ADP was obtained 
from Dr. G. A. LePage. 


Results 


Reaction Products Formed from Adenine Nucleotides—When ATP or 
AMP is added to fresh resting mitochondria from liver of fed rats, the 
chemical changes that occur in the presence of magnesium ions and isotonic 
sucrose are small in magnitude. The mitochondria do not deaminate or 
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Fic. 1. Effect of DNP on the dephosphorylation of ATP by rat liver mitochondria. 
Each tube contained the mitochondria from 25 mg. wet weight of liver, 9 um of MgCl, 
5.86 um of ATP, 0.40 um of ADP, 0.10 um of AMP, and DNP at a final concentration of 
3X 10-§m. The final volume of the reaction mixture was 3.0 ml. and the mixture 
was made isotonic by the addition of sucrose. The theoretical IP was obtained by 
calculating the increase on the basis of the changes in the nucleotide concentrations. 


dephosphorylate either compound and there is only a slight conversion 
of AMP to ATP and ADP. However, if both AMP and ATP are added 
to fresh resting mitochondria, there is a rapid formation of ADP, a cor- 
responding decrease in both AMP and ATP, and a slight net conversion 
of AMP to ATP as shown by our earlier study on adenylate kinase (see 
especially Fig. 1, D (17)). Only the adenylate kinase activity was ap- 
parent, and, although adequate levels of all three nucleotides were present, 
the ATPase activity remained latent for the 90 minute incubation period 
and no net inorganic phosphate release occurred. 

Although the activity of the latent ATPase can be released in a variety 
of ways, one of the simplest manipulations is to add DNP to the reaction 
mixture. In Fig. 1 it may be seen that under such conditions ATP is 
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rapidly broken down to ADP and AMP, while the total amount of adenine 
nucleotide remains constant. The breakdown of ATP results in inorganic 
phosphate formation, which is equal to the quantity that can be calculated 
from the changes in the amounts of the three nucleotides. This result 
shows that no net production of inorganic pyrophosphate occurs. Al- 
though it was clear from the earlier study (17) that the mitochondria con- 
tain enough adenylate kinase to account for the AMP production shown 
in Fig. 1, it cannot be decided from these data whether the inorganic phos- 
phate arises partly from the conversion of ADP to AMP. This question 
appears to be answered in the negative, however, by the results obtained 
when ADP is added to fresh resting mitochondria in the presence of DNP 
and Mg*+. The system ((17) Fig. 1, C) is unable to dephosphorylate 
the ADP directly to AMP, and, even though the adenylate kinase rapidly 
converts ADP to a mixture of AMP and ATP, there is only a slow dephos- 
phorylation of the latter. Thus the retardation of ATP disappearance 
and inorganic phosphate production in Fig. 1 is attributed in part to the 
presence of ADP, as indicated in a later section, and not to the lowering 
of the substrate concentration alone. These data establish that the sum 
of the three nucleotides remained constant and that the theoretical changes 
in inorganic phosphate agreed fairly well with the observed changes. The 
extent of side reactions was evidently small and the change in inorganic 
phosphate could be used as a measure of the extent of conversion of ATP 
to ADP, while the action of adenylate kinase should not affect the in- 
organic phosphate level except indirectly through its effect upon ADP 
concentration. 

ATPase Activity in Fresh and Aged Mitochondria—The rate of ATP 
breakdown was measured in terms of inorganic phosphate released over 
various periods of time up to 4 hours at 30° in isotonic sucrose with various 
activators present. The activators were used in the combinations shown 
in Fig. 2 and each activator was used at the level that gave the maximal 
response. Fig. 2 includes data obtained with mitochondria stored at 30° 
for 120 minutes. The main purpose in presenting these data is to establish 
the validity of a 20 minute incubation period for the routine estimation of 
ATPase activity for either fresh or aged mitochondria. It may be seen 
that after about 40 minutes the initially rapid rates decline markedly, 
while at about this same time the latent ATPase of the fresh mitochondria 
in the presence of magnesium suddenly bursts into maximal activity and 
shows a rate comparable to that shown by the aged mitochondria or by 
the fresh mitochondria in the presence of both calcium and magnesium. 
The preparations of fresh mitochondria uniformly exhibit no ATPase ac- 
tivity whatever during a 20 minute incubation period, and, if the ATP 
substrate solution contained a small amount of ADP, there was a fraction 
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of a micromole less inorganic phosphate at 20 minutes than at time 0. 
The latter value amounted to about 0.4 um per reaction tube and this was 
subtracted from all values obtained for the incubated tubes; hence, it 
was possible for the tubes containing Mgt* to exhibit a slight phosphate 
uptake at the 20 minute time point. 

The endogenous oxygen uptake of these mitochondria is too small to 
measure accurately, and, even when 300 to 500 equivalent mg. of mito- 
chondria were used, it was possible to observe only 10 to 20 ul. of oxygen 
uptake in the first 10 minutes, followed by a decline in rate with or without 
DNP. The aged mitochondria can be centrifuged and resuspended with- 
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Fia. 2. Effect of Ca++, Mgt*+, and DNP on release of IP from ATP in fresh and 
in aged mitochondria. Each tube contained the mitochondria (Mw) from 25 mg. 
wet weight of liver and approximately 4 um of ATP. When added, MgCl: was at a 
final concentration of 0.002 m, CaCl, at a final concentration of 0.001 mM, and DNP 
at a final concentration of 3 X 10-'m. Sucrose was added as given in Fig. 1, except 
that the final volume was 2.0 ml. 


out loss in ATPase activity, as will be shown later. The effect of the 
various activators can be seen more readily in Fig. 3. 

Effect of Preincubation in Sucrose—Kielley and Kielley (7) had previously 
shown that aging for periods up to 45 minutes at 28° resulted in increases 
in the apparent ATPase activity in their standard test system which dif- 
fered considerably from the one employed here and which contained Mg** 
in all cases. Although they showed progressive increases in ATPase ac- 
tivity with increased preincubation time, their conditions apparently did 
not reveal a latent period in which there is no increase in ATPase activity 
and do not show the sudden way in which the latent ATPase activity be- 
comes demonstrable as in our conditions. The present experiments were 
designed to show the changes induced in mitochondria by preincubation 
under the simplest conditions that could be arranged. This was done by 
preincubating in isotonic sucrose at 30° and then assaying for ATPase 
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activity in the presence of the same combinations of activators shown in 
Fig. 2, with the time of incubation standardized at 20 minutes on the 
basis of the data shown in Fig. 2. 

From the data in Fig. 3 it can be seen that the properties of the mito- 
chondria in terms of their response to the activators of ATPase activity 
change progressively as the mitochondria are aged in sucrose at 30°, 
Three types of preparations are readily distinguishable: the “resting” 
mitochondria, which are obtained in the period from 0 to about 10 minutes, 
the “transition” mitochondria, which are obtained in the interval from 
10 to 45 minutes, and the “aged” mitochondria, which are obtained in 
the period from 1 to 3 hours or longer.* 
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Fia. 3. Effect of aging of mitochondria on release of IP from ATP. Each tube 
contained 25 mg. equivalent wet weight of liver mitochondria which had been incu- 
bated in isotonic sucrose at 30° for the times indicated. They were then centri- 
fuged, taken up again in isotonic sucrose, and incubated in the assay medium for 20 
minutes. The assay medium contained approximately 4 um of ATP, and, when 
added, DNP at a final concentration of 3 X 10-5 m, CaCl: at a final concentration 


of 0.001 Mm, and MgCl, at a final concentration of 0.002 m. Sucrose and final volume 
as in Fig. 2. 





+ It should be noted that many mitochondrial preparations previously reported 
in the literature as “aged” or without specification have, in fact, been in the period 
of transition, and it may be seen from Fig. 5 that the ratio of the response to Mg*+ 
to the response to DNP can change markedly during the time required to pipette 
samples when the mitochondria are in this condition. Moreover, the data obtained 
with various buffers suggest that in many buffers fresh mitochondria are not resting 
but pass into the stage of transition sooner than do the mitochondria in sucrose alone. 
For example, in the absence of Mg** and of inorganic phosphate, there is a breakdown 
of 0.43 um of ATP, after 60 minutes at 30°, but, when inorganic phosphate buffer 
(pH 7.4) was added, 2.00 um of ATP were broken down. On the other hand, the mito- 
chondria can be maintained in the resting condition for much longer periods of time 
by including ATP in the reaction mixture as shown in Fig. 2 (7, 20), or by including 
oxidizable substrate in the reaction mixture under appropriate circumstances. 
Future work may be expected to increase the time during which the mitochondria 
can be maintained in the resting state. 
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The following points may be noted in the case of fresh mitochondria: 
(a) There appears to be a potential ATPase activity of about 4 um of in- 
organic phosphate split off per 20 minutes, when the mitochondria from 
25 mg. (wet weight) of liver are used. (b) This activity can be obtained 
with fresh mitochondria only by adding both calcium and magnesium 
ions. (c) Magnesium alone yields no apparent ATPase activity what- 
soever in fresh mitochondria. (d) DNP or Ca** alone produces sub- 
maximal stimulation. (e) Of considerable interest is the fact that the 
combination of DNP and Mg** does not duplicate in magnitude the effect 
of Ca++ and Mg+*.4 The decrease in responsiveness to DNP plus Mg*+* 
prior to the stage of transition, as compared with the mitochondria at 0 
minute preincubation, is real and in many experiments greater than that 
shown in Fig. 3. 

The following points may be noted in the case of the aged mitochondria: 
(a) The potential ATPase activity is about the same as that in fresh mito- 
chondria and may be demonstrated by adding Mg** alone or with DNP. 
(b) DNP or Ca** alone is quite ineffective in activating ATPase. (c) 
The combination of Ca**+ and Mgt is no more effective than Mg** alone 
and may show slightly less activity. 

The transition mitochondria show properties intermediate between those 
of the fresh and the aged mitochondria. It is important to note that the 
fresh mitochondria are active in oxidative phosphorylation, while the aged 
mitochondria are inactive in this respect (7, 20, 21). Moreover, the oxy- 
gen uptake of the fresh resting mitochondria is low and can be stimulated 
in the presence of oxidizable substrate by DNP and by Ca** (11). 

It seems likely that the lag shown in the Mg** curve in Fig. 3 represents 
the time required to deplete the mitochondria of oxidizable substrate. 
The time required for the ATPase activity to be fully converted to the 
active form varies from about 30 to 60 minutes. The induction period 
has been studied carefully at 5 and 10 minute intervals during the first 40 
minutes and has varied from 5 to 30 minutes in fed rats. However, when 
livers from two 24 hour fasted rats and one 24 hour regenerating liver were 
tested, the induction time was zero, with some ATPase activity evident 
even in the fresh mitochondria. The preincubation time required to 
reach the potential ATPase activity in the presence of Mg** was shortened 
to 10 minutes in the case of the regenerating liver and one of the fasted 
livers. The ability to respond to DNP alone was lost within 10 minutes 
in all three preparations. 

Effect of Preincubation with DN P—Studies were made on mitochondria 
that were given more complicated pretreatments than the incubation in 

‘ But the breakdown of ATP to ADP and AMP by Ca** plus Mg** gives a similar 


pattern of nucleotide distribution as does the breakdown of ATP in the presence of 
DNP plus magnesium ion (Fig. 2). 
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sucrose alone as in Fig. 3. Mitochondria treated briefly (10 minutes at 
0°) with DNP were recentrifuged to remove the bulk of the DNP, resus- 
pended and allowed to stand for either 1 hour or 24 hours at 0° to permit 
further diffusion of DNP and mitochondrial contents such as Mgt and 
unknown components (see ‘“‘Discussion’”’), and then recentrifuged and 
tested in the various assay systems with the exception of DNP plus Mg+. 
The results (Table I) show that the properties of the mitochondria can be 


TABLE I 
Effect of Adding DNP to Mitochondria Prior to Assay for 
Adenosinetriphosphatase Activity 
The data given are in micromoles of IP liberated from ATP in 20 minutes, al- 
though all assays included measurements after 20, 40, and 60 minutes to insure the 
validity of the data at 20 minutes. (Conditions as in Fig. 2.) 





| Pretreatment 
Assay conditions (30°) | Control* 

DNP | Aged control) Aged DNP 

. iseasian | ‘ 
Control, no additions.............. ..| 0.53 | 0.28 | 0.17 0.07 
ag Re | 0.98 0.63 | 0.56 0.18 
| ee | . 1.65 0.53 0.49 0.15 
ES 2.28 1.44 1.86 2.45 
Cat+ + Mgt (see above)............ 3.04 2.86 2.31 2.83 


* All the steps of the pretreatment carried out at 0°. Control mitochondria were 
prepared as 50 per cent suspension and diluted to 5 per cent suspension, allowed to 
stand for 10 minutes, recentrifuged, resuspended to 5 per cent suspension, allowed 
to stand for 1 hour to permit diffusion, recentrifuged, and resuspended to 12.5 per 
cent suspension; 0.2 ml. was assayed for ATPase activity. DNP mitochondria were 
given identical treatment except that they were exposed to 3 X 10-5m DNP in sucrose 
during the 10 minute period. The aged control and aged DNP mitochondria were 
treated in a corresponding manner except that the 1 hour diffusion period was ex- 
tended to 24 hours. 


altered considerably without the loss of ATPase activity to the soluble 
form. The data show that the “latency” of ATPase may be lost simply 
by the loss of diffusible substances occurring with the operations of re- 
centrifuging and resuspending; hence the addition of Mgt alone elicits a 
response (2.28 um of IP) nearly as great as that with Ca++ and Mgt (3.04 
uM of IP). Such mitochondria resemble those obtained from livers of 
fasting rats as described earlier. The variability in the response to Mg*+ 
alone is probably a result of the transitional character of these prepara- 
tions. The response to DNP alone clearly shows that the factors neces- 
sary for the response are lost more rapidly in the DNP-treated mito- 
chondria than in the controls. 
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Effect of Variations in Concentration of Activators—In all cases the sub- 
maximal response shown by fresh mitochondria in the Mgt+ and DNP 
mixture (as in Fig. 3) has consistently appeared. The explanation for 
this finding may be that DNP is unable to provide sufficient channels for 
ATP breakdown to counteract completely the effect of the oxidizing sys- 
tem, which resynthesizes ATP as long as any substrate is available. This 
explanation assumes that calcium in the presence of magnesium is able 
to provide channels for ATP breakdown that exceed those provided by 
DNP, and which thus completely negate any oxidative resynthesis of ATP. 
These data were obtained with 3 X 10-° m DNP and the fact that the re- 
sponse was submaximal (relative to Ca*+ + Mg**) raised the question of 
whether higher levels of DNP would give a higher response. This was 
not the case. Under these conditions 3 X 10-' m DNP gave a response 
that was not exceeded by higher concentrations of DNP up to 50 K 10-'m 
which, in fact, gave slightly lower levels of activity. With concentrations 
of DNP at 0.5 or 1.0 X 10-5 m the response was lower than with 3.0 x 
10° m DNP. 

Thus the failure to elicit the potential ATPase activity cannot be at- 
tributed to a lack of DNP. In the same experiment in which DNP was 
varied, the potential ATPase activity was measured in the presence of 
Ca*+ (0.001 m) and Mg++ (0.002 m) and was shown to be greater than that 
obtained with any level of DNP and Mg*, a duplication of the results 
shown in Fig. 3. Moreover, six levels of DNP in the range of 0.5 to 50 
10-5 m had no effect on mitochondria aged for 120 minutes and did not 
modify the effect of 0.002 m Mg** on these mitochondria, again a verifica- 
tion of the results of Fig. 3 over a wide range of DNP concentrations. 

The optimal concentration of magnesium was determined in mito- 
chondria preincubated for 120 minutes, in which magnesium alone elicits 
the potential ATPase activity. The optimal concentration was 2 x 10-% 
m final with but a slight decrease shown in the range 0.5 to 5 K 10° m 
and a slow decline between 5 and 15 X 10°* mM. With the soluble 
ATPase of liver mitochondria, Kielley and Kielley (4) showed an optimal 
Mg* concentration at from 3 to 8 X 10° mM. With fresh mitochondria 
in the presence of 0.001 m Ca**, the same result was given by 1 and 2 X 
10° m Mgt+. In the absence of calcium, 2 X 10-* m Mg* gave over twice 
as much activity as 5 X 10-* m Mg* in the period between 40 and 60 
minutes (see Fig. 2). 

The optimal concentration of calcium was determined by use of fresh 
mitochondria in the presence of magnesium, since calcium has no effect 
on the aged mitochondria and since its effect in fresh mitochondria seems 
to depend on magnesium. The maximal effect was obtained with 0.5 x 
10-* m Ca** and no further increase or decline in activity was obtained in 
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the range of 0.05 to 2 K 10-* Mm; hence, the concentration chosen for most 
experiments was 1.0 X 10-*m. At0.1 X 10-* Mo the activity was over 60 
per cent of the maximal figure. 

The addition of KCl or NaCl to the extent of 1.0 ml. of isotonic salt 
replacing an equal volume of isotonic sucrose had no effect on the control 
value for ATPase activity, but the effect of KCl on the other test systems 
was not studied. Recent work by Lardy and Wellman (14) shows that 
KCI strongly reinforces DNP in the absence of Mg* but has little effect 
on DNP in the presence of Mg**. Studies comparing Ca++ + Mgt 
with DNP + KCl have not been done. 

Other investigators have used various buffers in the system but the 
present work was done with ATP and sucrose alone according to Lardy 
and Wellman (14). With 0.015 m histidine buffer at pH 7.4 the control 
curves showed a shorter lag than when histidine was absent. The presence 
of histidine accentuated the effect of calcium and DNP but the activating 
effect of magnesium was decreased. In order to test whether the results 
might be due to a lack of buffering capacity in the ATP, the system was 
tested by use of the calcium and magnesium combination with fresh mito- 
chondria over a 4 hour period as in Fig. 2. The 4 um of ATP were supple- 
mented with 0, 4, and 8 um of NaHCO;. During the first 15 minutes the 
tubes containing bicarbonate were less active, but for the remainder of the 
incubation the rates were identical. With 4 um of bicarbonate, the mix- 
ture remained at the original pH. Further studies with CO,-bicarbonate 
systems (22) would be desirable as a means of buffering the mitochondria. 

Effect of Calcium on Respiration—In explaining the data in Fig. 3 it 
was proposed that calcium can provide channels of ATP breakdown in 
excess of those provided by DNP. It has been shown by Hunter (8) 
that, in the oxidation of a-ketoglutaric acid, one of the pathways of ATP 
resynthesis appears to be insensitive to DNP, and it was postulated that 
DNP provides channels of ATPase activity via ““Y-phosphates” but not 
via an ‘‘X-phosphate” (8). If calcium can provide additional channels 
of ATPase activity, the X-phosphate system must be considered. An 
alternative explanation would be that calcium inhibits oxidation in this 
system. Fig. 4 shows that such is not the case. The addition of calcium 
ions to a system containing oxidizable substrate stimulates oxygen uptake 
in the range of concentrations up to the point of maximal stimulation of 
ATPase activity. The effect of DNP is similar and comparative studies 
of the effect on the ATP balance have been reported elsewhere (11). Cal- 
cium stimulates oxygen uptake by increasing ATP breakdown and does 
not increase ATP breakdown by inhibiting oxygen uptake. 

Inhibition of ATPase Activity by ADP—It was reported by Kielley and 
Kielley (4) that the soluble ATPase of rat liver mitochondria is inhibited 
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by ADP. When ADP was added with ATP to fresh mitochondria in the 
presence of Mgt* and DNP, no inhibition of inorganic phosphate produc- 
tion could be obtained. However, this result was explainable in terms of 
the combination of adenylate kinase and ATPase activity. Since the 
former could be inhibited by fluoride (17, 23), it was possible to show that 
there is an inhibition of ATPase activity by ADP under the conditions in 
which adenylate kinase is inactive (Fig. 5). This result is pertinent to 
the explanation for the data shown in Fig. 1. The data obtained with 
fresh mitochondria thus support the finding with a soluble extract (4). 





Co EFFECT- LIVER 
MITOCHONDRIA 






10-> M 








| | 

.e) 40 min. 80 120 
Fia. 4. Effect of Cat* on oxidative rate of rat liver mitochondria. Each Warburg 

flask contained the mitochondria from 160 mg. wet weight of liver, 30 um of phosphate 

buffer, pH 7.4, 10 um of fumarate, 20 um of pyruvate, 9 um of MgCl:, approximately 

3um of ATP, cytochrome c at a final concentration of 6.7 X 10~§ mM, and CaCl, as in- 

dicated. Sucrose and final volume as given in Fig. 1. 





Effect of DNP on Respiration in Absence of Mg*+—In fresh resting mito- 
chondria with oxidizable substrate in the presence of ATP and Mg*, the 
ATPase activity is latent and the oxygen uptake is low. The respiration 
is able to maintain the ATP level under these conditions (Fig. 6). When 
Mg* is omitted from the reaction mixture, the respiration is no longer 
coupled to the maintenance of ATP and there is sufficient increase in ATP 
breakdown to stimulate respiration. However, this respiration is not 
maintained because the relative ATP breakdown is excessive. When DNP 
is added to the system in the absence of magnesium, there is a maximal 
stimulation of respiration, but, again, the respiration rapidly declines as 
the ATP is depleted. It might be inferred that in addition to causing the 
breakdown of high energy phosphate DNP increases the availability of 
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Mg**. However, with no Mgt* in the medium the mitochondria rapidly 
lose their endogenous supply, and respiration is uncoupled from phosphory- 
lation and declines. Finally, the effect of DNP in the presence of added 
Mg** is shown (Fig. 6). The DNP provides a rapid breakdown of ATP 
as shown by the stimulation of oxygen uptake (cf. (11)), but the magnesium 
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Fia. 5. Effect of ADP and of F~ on release of IP from ATP. Each tube contained 
the mitochondria from 50 mg. wet weight of liver, 4 um of MgCl2, approximately 4 
um of ATP, and DNP at a final concentration of 3 X 10-'m. Sucrose and final volume 
as given in Fig. 2. When added, NaF was at a final concentration of 0.01 m. 

Fia. 6. Effect of Mgt* and DNP on oxidative rate of rat liver mitochondria and 
on concentration of ATP. Each Warburg flask contained the mitochondria from 160 
mg. wet weight of liver, 30 um of phosphate buffer, pH 7.4, 30 um of glutamate, 3.08 
um of ATP, 0.50 um of ADP, and 0.18 um of AMP. Sucrose and final volume as given 
in Fig. 1. When added, MgCl. was at a final concentration of 0.003 mM and DNP ata 
final concentration of 3 X 10-'m. After 40 or 50 minutes, of the nucleotide which 
disappeared as ATP when Mg*+ was omitted, over 90 per cent of the nucleotide ap- 
peared as AMP. 


permits the coupling of part of the energy of oxidation and the ATP is not 
depleted at the rate that it would be in the absence of oxidation and, in 
fact, is depleted much more slowly. 

ATPase Activity in Whole Homogenates of Various Tissues—Studies on 
whole homogenates of liver can be summarized briefly by saying that the 
responses observed with mitochondria, as described by Figs. 2 and 3, also 
are shown by whole homogenates. This is because the result in the latter 
is dominated by the mitochondria therein. Although the nuclei and the 
supernatant material from the mitochondria (fluffy layer, microsomes, and 
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soluble fraction) are perceptibly affected by the activators, the response is 
essentially independent of preincubation, and the magnitude of the activity 
js small in comparison with that of the mitochondria. One difference is 
that in the mitochondria the ATPase activity in the control or in the 
Mg*+-activated systems is essentially zero, while in the whole homogenate 
the activity of the remaining fractions, which is not zero under these con- 
ditions, can be seen. This point is illustrated in Table II which includes 
assays of several other tissues. The data for liver show that the Mg*- 


Tasie II 
ATPase Activity of Whole Homogenates 
Assay conditions a: as given i in Fig. 2. 


um IP per 20 min.* 














Tissue Amount | ~~ ag ie . 

Control | Mg*t+ Ca*+ wy “Sie “i DNP 

mg. a | 

weight | 
ee re eae 15 |0.29|0.80' 2.3 | 3.4 1.8 
Rose nhs mdilere ook R EN 15 | 0.85 | 4.5 | 6.0 3.1 
Hepatoma 98/15................... 20 | 0.62 | 2.5 | 2.1 | 3.1 | 1.3 
” eee 20 | 0.70/ 2.8 | 2.8 | 4.2 | 3.9 | 1.8 
Flexner-Jobling carcinoma.......... 20 | 0.50) 2.2 | 1.4 | 2.3 | 2.4 | 0.8 
ss - | oy 100 | 0.07 | 0.40 | 0.40 0.5 | 0.41 | 0.07 
se ” f........| 250 | 0.41 | 1.0 | 0.61 | 1.5f 0.93 | 0.55 
Human fibrosarcoma.............. | 50 | 1.75 | 2.50! 2.0 | 2.75 | 3.5 2.9 


* Observed values given. All assays included measurements at 10, 30, and 60 
minutes in order to be sure that the 20 minute value was on a smooth curve. The 
values obtained by doubling the 10 minute values would be higher in all cases. 

+ Mitochondria preparation, from given wet weight of tissue. 

t 1000 mg. of the same preparation gave only 1.8 uM here. 


activated system remains far below the activity when both Mg*+ and Cat+ 
are present and below the values for Ca** or DNP alone. These effects are 
due to the responses of the mitochondria, and the activity of the Mgtt+ 
system is low because the mitochondrial ATPase is latent. Such is not the 
case with the other tissues studied, in which Mg** causes a large activation 
that approaches the effect of Ca** plus Mg* and exceeds the effect of 
DNP alone. 

It is of interest that in the case of the homogenate of the Flexner-Jobling 
carcinoma in which the capacity for oxidative phosphorylation is rapidly 
lost in the absence of fluoride (24) the response to DNP was very slight, 
and the same was true for the tumor mitochondria. In the latter there was 
a lack of proportionality with respect to tissue concentration. In both 











906 LATENT ADENOSINETRIPHOSPHATASE 


the Flexner-Jobling carcinoma and the 98/15 mouse hepatoma, addition of 
0.01 m fluoride to the Mg*+ system reduced the activity to less than that 
of the control (not shown in Table IT). 


DISCUSSION 


The data presented in this report suggest that the phenomenon of latent 
ATPase may be limited to the mitochondria of liver as presently prepared 
and may be restricted to mitochondria that are obtained from fed animals 
under conditions that minimize the time during which the mitochondria 
are allowed to stand in sucrose. 

Rather than to search for other possible sources of mitochondria that 
would exhibit similar properties the present work has been largely confined 
to a study of the properties of mitochondria that contain latent ATPase 
and which we have termed resting, since these mitochondria may be of 
great importance in developing our knowledge of intracellular organization. 
Elsewhere it has been shown that such mitochondria can oxidize substrates 
of the Krebs cycle at a rate that depends on that of ATP breakdown, with 
the maximal rate of oxygen uptake occurring at a rate of ATP breakdown 
that provides an adequate supply of ADP and AMP without depleting the 
ATP of the medium. In the oxidative study (11), the oxidative rate was 
altered by changing the rate of ATP breakdown under circumstances in 
which ATP resynthesis was occurring as a result of oxidative processes. 
In the present work two of the factors that promote ATP breakdown have 
been studied in the absence of added oxidizable substrates so that their ef- 
fect as activators of ATP breakdown would be uncomplicated by oxidative 
resynthesis. The data suggest, however, that the ATP-generating phen- 
omena are not eliminated from the resting mitochondria and that they 
may be an important component of the ATP-hydrolyzing mechanism. 

The transition of fresh resting mitochondria into aged mitochondria with 
& gain in responsiveness to Mg*+ and a concomitant loss in responsiveness 
to DNP and Ca** implies the loss of certain components from the mito- 
chondria during this process and recent experiments have shown that the 
transition is correlated with the loss of substances that absorb light maxi- 
mally at 260 my.® The further interpretation of the present data may 
depend upon the nature of the substances liberated from the mitochondria 
and the mechanisms involved in their release. 

The present findings show that the response of mitochondrial ATPase to 
calcium and magnesium ions is strongly dependent upon the condition of 
the mitochondria and provide a possibly adequate explanation for some of 
the conflicting reports in the literature (3). The complicated nature of 
ATPase activity is now more readily appreciated than it was 10 years 


5 A preliminary report has appeared (25) and further studies are in progress. 
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earlier (2), but our knowledge of the fundamental nature of ATPase ac- 
tivity is still not much more advanced‘ than it was when the assay technique 
of DuBois and Potter was first reported (2), and the comments made at the 
time on the nature of ATPase activity are still applicable. Although the 
present data suggest that the use of calcium alone as an activator of ATPase 
activity is clearly undesirable, it is at present not possible to propose a 
standard assay method for one or more of the components of the so called 
ATPase activity. It seems likely that the ATPase activity of the various 
cell fractions may have different optimal conditions as well as functions, 
and the techniques of cell fractionation appear to be a highly desirable pre- 
liminary step in the study of the nature of this activity. 


SUMMARY 


1. Freshly prepared rat liver mitochondria in isotonic sucrose were shown 
to possess very little ATPase activity at 30° either in the presence or ab- 
sence of magnesium ions when observed for short periods of time. They 
did not deaminate or dephosphorylate AMP, ADP, or ATP, but were ac- 
tive in bringing about an equilibrium between a mixture of these com- 
pounds. Such mitochondria may be referred to as resting when they can 
be shown to be operating at a low level of ATP turnover and to be capable 
of a much higher rate of turnover. 

2. When calcium ions or DNP is added to a suspension of resting rat liver 
mitochondria, there is a marked increase in ATPase activity, but the max- 
imal response is obtained only when magnesium ions are also present. 

3. When fresh rat liver mitochondria are maintained at 30° in the pres- 
ence of sucrose alone, they lose the properties of resting mitochondria and 
are no longer capable of responding to DNP or calcium ions. The aged 
mitochondria now exhibit maximal ATPase activity in the presence of mag- 
nesium ions alone. 

4. When fresh rat liver mitochondria are preincubated at 30° in the pres- 
ence of DNP and then washed free of the DNP, the maximal ATPase activ- 
ity can be obtained only in the presence of added magnesium ions. 

5. The optimal concentrations for the activations noted were 3 X 10-5 m 
DNP, 2 X 10-* m magnesium ion, and 0.5 X 10-* Mm calcium ion. 


6 The important contributions by Hunter (8) and by Lardy and Wellman (12, 14) 
have provided attractive possibilities for the explanation of the DNP phenomenon, 
and the most recent paper by Lardy and Wellman (14) seems compatible with the 
present data. Their proposals seem to imply that an enzyme such as the ATPase 
recently isolated (4) does not react with water in the resting mitochondria, and we 
regard the enzyme in the aged mitochondria as a similarly altered system (cf. (2)). 
However, the proof for these concepts remains for the future and further discussion 
here seems unwarranted. 
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STUDIES ON THE MECHANISM OF PROTEIN HYDROLYSIS 
BY ION EXCHANGE RESIN CATALYSIS* 


By JACK C. PAULSON anp FRED E. DEATHERAGE 


(From the Department of Agricultural Biochemistry, The Ohio State University, 
Columbus, Ohio) 


(Received for publication, June 8, 1953) 


The use of ion exchange resins as catalysts in the hydrolysis of proteins 
has been described in previous publications (1-3). The mechanism, as 
proposed by Steinhardt and Fugitt for the hydrolysis of proteins with 
soluble sulfonic acid derivatives, involves a combination of the anion of 
the catalyst with the protein in such a manner that hydrolysis of the peptide 
bond proceeds at relatively low concentrations of hydrogen ions (4). The 
present work resulted from a study of the mechanism of this type of cata- 
lyzed protein hydrolysis with Dowex 50, an insoluble polymer of sulfonated 
polystyrene. 


Methods 


The conditions of hydrolysis, the displacement of the hydrolytic products 
from the catalyst surface, and the estimation of free amino acids have pre- 
viously been described (3). The proteins used were commercial samples 
of bovine serum albumin and edestin and were hydrolyzed by refluxing 
and stirring at atmospheric pressure 1 part by weight of protein with 5 
parts of 200 to 400 mesh, 12 per cent cross-linked, acid-regenerated Dowex 
50, and 100 partsof 0.05 n HCl. Theresin contained 48.6 per cent moisture 
and had an exchange capacity of 5.31 m.eq. per gm. on a moisture-free 
basis. The pH of the mixture after several hours of hydrolysis is about 2.4 
under these conditions. The hydrolytic products were displaced from the 
resin surface by treatment with 0.15 n NH,OH, the solution was concen- 
trated, and the free neutral and acidic amino acids were estimated by the 
photometric ninhydrin method in an aliquot of the hydrolysate after chro- 
matographic separation on Dowex 50 in the sodium cycle according to 
Moore and Stein (5). The basic amino acids were not studied quantita- 
tively. 

For the study of protein derivatives the dinitrophenyl derivative of 
bovine serum albumin was prepared according to Sanger (6). Deaminated 
bovine serum albumin was prepared by reaction with nitrous acid at pH 


* Presented before the Federation of American Societies for Experimental Biology, 
Chicago, Illinois, April, 1953. This work was supported by a grant from the Herman 
Frasch Foundation. 
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4.55 in 0.5 m sodium acetate buffer which was 1 m with respect to NaNO, 
The mixture was stirred at room temperature for 1 hour and the resulting 
precipitate was removed by centrifugation, washed with distilled water, 
and used without being dried. 

Two-dimensional paper chromatography was employed with water-satu- 
rated phenol as the first solvent and a mixture of butanol, glacial acetic 
acid, and water (4:1:5) as thesecond solvent. Whatman No. | filter paper 
was used as received or after being washed successively with 0.3 n HCl, 
0.5 n NaOH, and distilled water (7). 


Results 


In Fig. 1, A and B, are shown the relative rates of release of the neutral 
and acidic amino acids during the course of the hydrolysis of bovine serum 
albumin at 100° by Dowex 50 catalysis. Similar data are shown for edestin 
in Fig. 2, A and B. Amino acid concentrations are expressed as per cent 
of the total amount of the amino acid which is present in the protein ac- 
cording to literature values for bovine serum albumin (8) and edestin (9). 
In the early stages of hydrolysis, any insoluble material was removed by 
centrifugation at the isoelectric point of the protein. In most of the partial 
hydrolysates, there was no accumulation of peptides of a given species in 
sufficient quantity to permit their detection by paper chromatography, nor 
was there any visible evidence of peptide interference during the column 
separations. 

The curves indicating the rates of amino acid release are typical of a 
process in which the initial rather rapid release of amino acids is followed 
by a leveling off period in which there is an accumulation of the more stable 
peptide linkages. Aspartic acid, glycine, and alanine are preferentially 
released in both hydrolysates. In Fig. 1, A the decrease in aspartic acid 
after 30 hours of hydrolysis of bovine serum albumin cannot be explained 
on the basis of. what is now known about this method of hydrolysis. It 
will be observed in Fig. 2, A that the rate of release of glycine from edestin 
is greater than that of any of the other neutral and acidic amino acids from 
both proteins. This probably reflects the nature of the structure of edestin, 
since 6 of the 7 N terminal residues of edestin are made up of glycine (10). 
Valine, isoleucine, and glutamic acid are liberated more slowly than the 
other amino acids. Free glutamic acid is very low; part of the total glu- 
tamic acid, 40 per cent for edestin at 90 hours and 20 per cent for bovine 
serum albumin at 100 hours, exists as pyrrolidonecarboxylic acid (8). 
The sum of the free glutamic acid and pyrrolidonecarboxylic acid does not 
account for all of the original glutamic acid present in each protein. The 
rates of liberation of serine, threonine, tyrosine, and phenylalanine lie 
intermediate between the extremes, but these amino acids apparently are 
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completely liberated during the time periods studied. Cystine, serine, and 
threonine are partially destroyed during the long periods of refluxing. 
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Fic. 1. Bovine serum albumin. The relative rates of release of the neutral and 
acidic amino acids during the course of the dilute acid hydrolysis of the protein by 
ion exchange resin (Dowex 50) catalysis at 100°. The amino acid concentrations are 
expressed as per cent of the amino acid liberated based on the composition of bovine 
serum albumin (8). Separate mixtures of 500 mg. of bovine serum albumin, 2.5 gm. 
of Dowex 50, and 50 ml. of 0.05 n HCl were refluxed with stirring for the times indi- 
cated. The hydrolytic products were displaced from the resin surface with 0.15 N 
NH,OH. 


In both hydrolysates at 90 and 100 hours hydrolysis time, the low re- 
coveries of valine, leucine, isoleucine, glutamic acid, and proline were as- 
sumed to be due to the presence of unhydrolyzed, stable peptide residues. 
An attempt was made to demonstrate the presence of peptides, and, if 
possible, to characterize them. Since with ordinary paper chromatography 
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no anomalous spots could be detected, it was necessary to work with q 
relatively large amount of the hydrolysate in order to isolate peptides in 


sufficient yield to permit characterization. The bovine serum albumin 
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Fic. 2. Edestin. The relative rates of release of the neutral and acidic amino 
acids during the course of the dilute acid hydrolysis of the protein by ion exchange 
resin (Dowex 50) catalysis. The amino acid concentrations are expressed as per 
cent of the amino acid liberated based on the composition of edestin (9). The con- 
ditions were the same as those indicated in Fig. 1. 


hydrolysate at 100 hours was spotted continuously across the base-line of 
a 14 inch X 24 inch sheet of washed Whatman No. | filter paper and the 
paper was developed with phenol. The edge of the sheet was developed 
with ninhydrin. This served as a guide so that the rest of the chromato- 
gram could be cut into zones corresponding to the vertical dotted lines in 
Fig. 3. Each zone was eluted with water. The hydrolytic products which 
were eluted were evaporated to dryness, and the residue was spotted in 
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the same manner as before and redeveloped with butanol-acetic acid. The 
second dimensional chromatogram was cut into sections as indicated by 
the horizontal dotted lines and the substances in each section were eluted 
with water and hydrolyzed with 6 N HCl in sealed capillary tubes at 105°. 
The residues were then chromatographed with phenol and butanol-acetic 
acid and examined for the presence of amino acids which were not present 
in the original chromatogram areas. The new amino acids which ap- 
peared were assumed to be of peptide origin. As shown in Fig. 3, the 
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Fic. 3. Two-dimensional paper chromatographic separation of a 100 hour Dowex 
50 hydrolysate of bovine serum albumin. The amino acids within the sections en- 
closed by the dotted lines are those, presumably of peptide origin, which appear 
after 6 N HCl hydrolysis of the corresponding areas. The relative ninhydrin color 
intensity of the amino acids which appear after the hydrolytic treatment are indi- 
cated as follows: ?, very weak; X, weak; XX, moderate; XXX, strong; XXX*X, 
very strong. The amino acids are abbreviated by using the first three letters, 7.e. 


PYR, pyrrolidonecarboxylic acid; BAS, unidentified basic amino acid; LEU, leucine 
and isoleucine. 


amino acids, valine, leucine or isoleucine, and glutamic acid, appear after 
hydrolysis of many sections of the chromatogram. Proline and one or 
more of the basic amino acids appear to a lesser extent. The high yield 
of glutamic acid in the sections containing pyrrolidonecarboxylic acid is 
due largely to the conversion of pyrrolidonecarboxylic acid to glutamic acid. 
The peptides, since they consist of relatively few amino acids and since 
they are well distributed after paper chromatographic separation, must be 
heterogeneous and, of necessity, rather short chain in nature. 

Preliminary treatment of the protein has been found, in some instances, 
to affect the rate of the ion exchange resin-catalyzed hydrolysis. The most 
notable effects were observed by blocking or substituting the free amino 











914 MECHANISM OF PROTEIN HYDROLYSIS 


groups of the protein. Both deaminated bovine serum albumin and dij- 
nitrophenyl-bovine serum albumin are very resistant to this type of hy. 
drolysis. In each case, refluxing the altered protein with Dowex 50 and 
0.05 n HCl resulted in only very slight hydrolysis. This suggests a het- 
erogeneous type of catalysis which takes place on the surface of the resin 
particles; blocking or substituting the basic groups of the protein inter. 
feres with this essential combination. 
DISCUSSION 

There are significant differences in the rates of liberation of the neutral 
and acidic amino acids during protein hydrolysis by ion exchange resin 
catalysis. Furthermore, there is good agreement between the amino acid 
selective liberation pattern for this method of hydrolysis and hydrolysis 
in concentrated mineral acids. According to Bull, the hydrolysis of egg 
albumin at 60° with 5 n H.SO, is accompanied by a preferential release of 
aspartic acid and a slow rate of release of valine and the leucines (11). 
The preferential release of aspartic acid is even more pronounced during 
hydrolysis by dilute acids (12). Synge has made a study of the stability 
of various synthetic peptides to hydrolysis in concentrated acid and has 
found that the most stable peptides were those containing valine, while 
the least stable peptides, among those investigated, contained alanine and 
glycine (13). Desnuelle and Casal (14) have shown that serine and threo- 
nine peptide bonds split first in strong acid. This specificity is favored 
by low temperature and high concentration of acid. Whether the free 
amino acids will then be liberated depends upon the stability of the seryl 
and threonyl amino acid bonds. Inasmuch as the present work has dealt 
only with the rate of liberation of the individual amino acids during pro- 
tein hydrolysis, no conclusions can be made concerning the preferential 
splitting of serine and threonine peptide bonds preliminary to the release 
of the free amino acids. 

The stability of peptide bonds toward hydrolysis by concentrated min- 
eral acids presumably is a function of the steric and electrostatic factors 
which affect the rate of approach of the hydronium ion to the various pep- 
tide bonds. The rate of liberation of the individual amino acids is some 
indication of the stability of the peptide bonds which these amino acids 
form. The good agreement between the amino acid selective liberation 
pattern for hydrolysis in concentrated mineral acid and hydrolysis by ion 
exchange resin catalysis indicates that the actual mechanism of peptide 
bond cleavage by the latter method is also simple hydrogen ion catalysis. 
A possible exception to this is the acid-catalyzed rearrangement of serine 
and threonine peptide bonds to easily split esters, an aspect which has 
not been thoroughly investigated. As has been suggested for similar pro- 
cesses, the effect of the large anion of the ion exchange resin probably serves 
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to decrease the free energy of activation of the peptide bonds so that hy- 
drogen ion catalysis is accelerated at low concentrations of hydrogen ions. 


SUMMARY 


In the course of the dilute acid hydrolysis of bovine serum albumin and 
edestin by ion exchange (Dowex 50) catalysis, differences were observed 
among the rates of release of the various acidic and neutral amino acids. 
The greatest rates of release were observed for aspartic acid, glycine, and 
alanine, while valine, the leucines, and glutamic acid were liberated at 
the slowest rates. The rates of liberation of the amino acids, serine, 
threonine, tyrosine, and phenylalanine, were intermediate between these 
two extremes. An investigation of the stable peptides remaining in a 100 
hour Dowex 50 hydrolysate of bovine serum albumin indicated that the 
fractions obtained were mixtures of rather low molecular weight peptides 
of valine, leucine, isoleucine, glutamic acid, proline, and one or more basic 
amino acids. 

It was shown that substitution or blocking of the amino groups of bovine 
serum albumin markedly increases the resistance of albumin to Dowex 
50-catalyzed hydrolysis, indicating that fixation of the protein substrate 
on the resin surface by a combination with the basic groups of the protein 
is essential to the activation of the peptide linkages. The agreement be- 
tween the rates of liberation of the neutral and acidic amino acids by this 
method of hydrolysis and that in concentrated mineral acids suggests that 
the actual mechanism of peptide bond splitting involves simple hydrogen 
ion catalysis. 
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MECHANISM OF HYDROLYSIS OF ADENOSINETRIPHOSPHATE 
CATALYZED BY LOBSTER MUSCLE* 


By D. E. KOSHLAND, Jr., ann EDITH CLARKE 
(From the Biology Department, Brookhaven National Laboratory, Upton, New York) 


(Received for publication, May 13, 1953) 


At the present time, it is believed that adenosinetriphosphate (ATP) 
provides a direct source of energy for muscular contraction (1) and it is 
known that the muscle enzymes can catalyze the hydrolysis of the tri- 
phosphate (2). The mechanism of the energy transfer and the relation- 
ship of the hydrolytic reaction to this transfer, however, are still obscure. 
It is further known that many biological preparations have very large 
“ATPase” activities (3) and it is believed that this hydrolytic activity is 
intimately connected with metabolic processes of the tissue. As a step 
towards the clarification of these problems and an understanding of the 
enzyme chemistry of the ATP itself, its mechanism of hydrolysis has been 
studied in resting lobster muscle preparations in which the reaction pro- 
ceeds cleanly to the formation of adenosinediphosphate (ADP) and phos- 
phoric acid (4). 

In some of the reactions of adenosinetriphosphate the point of cleavage 
during the reaction is clearly indicated by the products formed. No such 
assignment of mechanisms can be made in the hydrolytic reaction in ordi- 
nary water, as an attack at either the terminal or the middle phosphorus 
atom would give the same products. In H,0", however, the two pathways 
are clearly distinguishable, as illustrated in Equation 1, and the hydrolysis 


(@) Ad-OPO,PO,+ PO;+Ad-OPO;PO,+ HO" PO;” 
8 
H,0° + ATP H40H is 
1 
(b) a OPO,PO,0 + HOPO;~ 


18 
HO- H 


was, therefore, performed in this medium. After partial hydrolysis cata- 
lyzed by lobster muscle strips, the ADP, inorganic phosphate, and ATP 
were isolated and analyzed for O'*%. The results demonstrated that cleav- 
age of the oxygen-phosphorus bond of the terminal phosphorus atom oc- 
curred and that there was a relatively rapid exchange reaction of oxygen 

* Research carried out at Brookhaven National Laboratory under the auspices of 


the United States Atomic Energy Commission. A preliminary account of this work 
has been published (Nature, 171, 1023 (1953)). 
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between the water of the medium and the phosphate which ultimately 
appears as inorganic phosphate. 


EXPERIMENTAL 


Analytical Procedure for Inorganic Phosphate in Presence of ATP— 
Because of the errors observed in the determination for inorganic phos- 
phate in the presence of large amounts of ATP by the Fiske-Subbarow 
method (5), an analytical procedure involving extraction with isobutanol 
was used. The extraction procedure evolved by Berenblum and Chain 
(6), Martin and Doty (7), and Weil-Malherbe and Green (8) was further 
modified in order to use the regular Fiske-Subbarow reagents in conjune- 
tion with the extraction. 

To 10 ml. of the molybdate reagent was added 1 ml. of the sample, fol- 
lowed immediately by addition of 1 ml. of aminonaphtholsulfonic acid 
reagent and 10 ml. of isobutyl alcohol. After shaking for 15 seconds, the 
isobutyl alcohol layer was removed and added to a tube containing 3 drops 
of acid ethanol, prepared as described by Weil-Malherbe and Green. After 
30 minutes, the per cent transmission at 660 mp was measured in a Cole- 
man spectrophotometer and converted to micrograms of phosphorus by 
comparison with a standard curve. 

Analysis of a sample of “solid ATP” containing 1.27 um per mg. of solid 
gave a value of 4.15 y of inorganic phosphate per mg. of solid by this pro- 
cedure as compared to a value of 4.7 by the standard Fiske-Subbarow 
method. Chromatographic analysis of the solid showed 4.15 y of inorganic 
phosphorus per mg. of solid. 


ATP Hydrolysis in H,O" 


Strips of lobster muscle were washed (4) seven times with ice-cold 0.06 
M potassium chloride solution (10 to 15 ml. per gm. of muscle per washing), 
and then partially dried by pressing on filter paper. The semidry strips 
(25 gm.) were stirred for 45 minutes at 0° in 100 ml. of HO" (1.2 to 1.4 
atom per cent excess) containing 0.374 gm. of KCl and the preparation 
was then brought to 19°. A sample of the medium was removed for 0" 
analysis, and the solid sodium salt of adenosinetriphosphate (2.01 gm.) 
added to the suspension which was then adjusted to pH 6. After 30 
minutes an aliquot was removed for O'8 analysis of the medium; the strips 
were removed by centrifugation in the cold. The pH of the solution was 
6 both before and after the hydrolysis. The phosphates were precipitated 
as two fractions by barium. The first fraction was precipitated imme- 
diately by the addition of a limited amount of barium hydroxide and 
barium chloride and a second fraction was obtained from the supernatant 
liquid by addition of more barium chloride and an equal volume of ethyl 
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alcohol. The precipitates were dissolved in cold 0.1 n HCl; the resulting 
solutions were freed of barium by precipitation of barium sulfate, made 
basic with ammonium hydroxide, and diluted to meet the requirements 
of the procedure of Cohn and Carter (9). The two fractions were ad- 
sorbed on two separate columns of Dowex | and the various components 
eluted in accordance with this procedure. All these operations were per- 
formed at 0-5° to prevent spontaneous hydrolysis of the adenosine poly- 
phosphates. 
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LITERS OF ELUTRIANT 


Fic. 1. Chromatographic separation of ATP, ADP, and inorganic phosphate (Pi) 
after partial hydrolysis of ATP in H,0". 


To insure the purity of the fractions, only the middle portions of each 
peak of the elution curve were combined and subjected to isotopic analysis 
(see Fig. 1). 

Chromatographic analysis of the “adenosinetriphosphate” salt added 
to the lobster muscle preparation showed that it contained the following 
per mg. of solid: 1.27 um of ATP, 0.279 um of ADP, 0.053 um of adenylic 
acid, and 0.134 um of inorganic phosphate. 


Isotopic Analysis 


The eluted inorganic phosphate component of the first fraction was 
divided into two parts. Each part was concentrated to a smaller volume 
by adsorption and elution from a Dowex 1 column and then precipitated 
as the barium salt. By the use of a cation exchange resin the barium salts 
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were converted to KH2PQ, and, after addition of a known amount of un- 
labeled KH2PO,, were pyrolyzed by the method of Cohn (10). 

The eluted ATP and ADP fractions (see Fig. 1) were hydrolyzed in 
acid at approximately 80°, the liberated phosphate was precipitated as the 
barium salt, and the subsequent treatment of the barium phosphate pre- 
cipitates was as described for the inorganic phosphate fraction. 


Exchange Experiment with KH.PO, and H,O“ 

Lobster muscle strips (4.5 gm.) washed as described above were stirred 
at 0° for 1 hour and 20 minutes with 25 ml. of H.O" containing 93.5 mg. 
of KCl. After the suspension was allowed to warm to 19°, an aliquot was 
removed for H,0" analysis of the medium. Potassium dihydrogen phos- 
phate (0.533 mm) was added, the solution adjusted to pH 6, and, after 
stirring for 30 minutes, the muscle strips were removed by centrifugation 
and filtration. A second aliquot was removed to determine the O'* con- 
tent of the medium and the phosphate was precipitated as the barium 
salt. After reprecipitation, the barium phosphate was converted to potas- 
sium dihydrogen phosphate and pyrolyzed as described previously. 


Results 


The results of the isotopic experiments are listed in Tables I and II. 

In the hydrolysis of ATP performed in the presence of H,O"™ (Table I), 
which was 77 per cent complete, the observed O" concentrations of the 
inorganic phosphate and ADP were multiplied by factors to allow for the 
amounts of these substances initially found in the ATP sample by chroma- 
tographic analysis. The calculated figures, therefore, represert in these 
cases the atom per cent excess of the inorganic phosphate and ADP pro- 
duced in the hydrolysis, assuming that no exchange takes place with the 
initially unlabeled material. This is not precisely true, but the second 
order correction to allow for the exchange of these materials is small as is 
indicated by the exchange experiment with inorganic phosphate. No 
factor is required in the case of the ATP and the calculated figure repre- 
sents the average isotope per cent excess per atom of oxygen of the two 
terminal groups of the ATP after these groups had been removed by 
hydrolysis in H,0'*. If the middle phosphate of the ATP is assumed to 
have no excess O", the atom per cent excess for the terminal group is 2 X 
0.028 = 0.056; if the middle phosphate of the ATP is assumed to have the 
same atom per cent excess as the terminal group of the ADP, then the 
terminal group of the ATP will have 0.051, z.e. 2 * 0.028 — 0.005, atom 
per cent excess per atom of oxygen. 

To increase the size of the precipitates for recrystallization, etc., un- 
labeled KH2PO, was added to the inorganic phosphate and ATP fractions 
and the appropriate correction factor used in the final calculation. The 
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inorganic phosphate fraction was separated into two parts which under- 
went slightly different separation procedures and were diluted with dif- 
ferent amounts of unlabeled KH;PO,. The close agreement of the two 
values, 0.814 and 0.817, for O" content of this fraction is good evidence 
that the analytical procedures are accurate. 

The fact that the atom per cent excess of the medium was essentially 
the same at the beginning and end of the hydrolysis shows that the pre- 
incubation of the lobster muscle strips with H,O” was sufficient to obtain 


TABLE I 
O08 Contents of Compounds Found after Hydrolysis of ATP 
Catalyzed by Lobster Muscle 








Factor to : 
Factor t At 
iia Observed > | allow for cent excess 
pounc atom per material adde of materia 
cent excess present in | unlabeled found after 
solid ATP | KH2PO« | hydrolysis 
. ‘ — 
Inorganic phosphate, Sample 1.. . 0.264 1.14 2.708 | 0.814 
2 as - 2 . 0.354 1.14 2.024 0.817 
ee ae ae . 0.0040 1.285 1.0 0.0051 
Kar. er 0.0139 1.0 2.033 0.028 
Medium before hydrolysis cae 
“cc after “cc 
TaBLe II 


Exchange of Oxygen between Water and Inorganic Phosphate in 
Presence of Lobster Muscle 


Sample O"8 atom per cent excess 
“a o — 
Medium before addition of KH.PO,.......... eotaras 1.204 
ss after incubation with KH2PO,................. 1.193 


Inorganic phosphate after incubation... . Biot ste 0.026 

a uniform distribution of the labeled water both intracellularly and extra- 
cellularly. Moreover, from the decrease in atom per cent excess of the 
water (from about 1.39 atom per cent excess) a moisture content for the 
lobster muscle strips could be calculated which agreed well with the value 
(80 per cent) obtained by drying the strips in a desiccator. 

In the exchange experiment summarized in Table II, the very slight 
changes in O"8 content of the medium again indicate that equilibration in 
H.O" concentration between the intracellular and extracellular fluid had 
occurred. Measurement of metabolic rates by manometric techniques 
showed less than 0.05 um of gaseous oxygen absorbed per gm. per minute 
under conditions of exchange or hydrolysis. 
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DISCUSSION 


The low O*% content of the labile phosphate of the ADP indicates that 
the cleavage occurs predominantly between the terminal phosphorus atom 
and its anhydride oxygen bridge, i.e. according to Equation 1, a. In view 
of the known chemistry of phosphate esters and the mechanism of analo- 
gous substitution reactions (11), this cleavage probably occurs by a nucleo- 
philic displacement mechanism. The displacing agent, indicated as D:;, 
with its unshared pair of electrons, must, therefore, attack the terminal 
phosphorus atom of the ATP, causing ejection of the ADP moiety as in- 
dicated in Equation 2. Alternative pathways involving attack on the 


— 


0 O 
N27 oe 
D: +ATP— D:--- P~ :0PO3 PO; Ad — DPO's+ ADP @) 
oO 
middle phosphorus atom and subsequent hydrolysis to ADP and inorganic 
phosphate could occur in the resting lobster muscle at a maximum of about 
2 per cent ((0.0051 X 4)/1.17 = 0.018). The true figure is probably 
lower than this, as the small O" content of the ADP may be caused by some 
synthetic reaction such as that catalyzed by myokinase. 

The nature of the displacing agent, D:, can only be established within 
certain limits. In view of the rates of some true ATPases as compared to 
other reactions which would lead to ATPase-like activity (2), a large 
portion of the hydrolysis catalyzed by the washed lobster muscle strips is 
probably mediated by direct hydrolytic enzymes. For these reactions the 
initial displacing reagent must be either a water molecule or an active 
group on the enzyme surface (12). It is also clear from the data that any 
other reactions, e.g. kinase reactions, which cause any appreciable cleavage 
and hydrolysis of ATP in the lobster muscle strips must involve attack on 
the terminal phosphate. 

The kinase reactions of ATP which liberate ADP in general probably 
involve attack on the terminal phosphate. One kinase reaction which 
must occur by such an attack is the Lohmann (13) reaction with creatine 
to form creatine phosphate (see Equation 3 for the case in which the two 


NH - 
lH VP 
CREATINE +ATP—-HOOG-CHe-N-C-N:--P--OPO3PO3Ad 
| 3 
CH; Oo * 


| 


CREATINE PHOSPHATE +ADP 


substrates combine directly on the enzyme surface). In this case the 
nature of the product indicates unequivocally which P—O bond is split. 
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The data on O* in the reaction of phosphoglycerate kinase also indicate 
that this reaction involves a displacement on the terminal phosphorus of 
the ATP (14). 

In the hexokinase reaction the products do not give an unequivocal 
answer to the point of cleavage, but the analogies to the creatine and 
ATPase reactions, together with the known chemical properties of the 
organic compounds, favor attack on the terminal phosphate. The alter- 
natives are illustrated in Equation 4. For the terminal attack, Equation 


(a \ a ire. 
ATP+ROH wt ee (4) 
cen -OPO,P0,% OPO; 


4, a, illustrated for the case in which the alcohol and ATP combine di- 
rectly on the enzyme surface, the transition state would have the feature 
shown in Equation 5 where the dotted lines indicate the bonds being 


\\ 
cael 1 "B-20POsPOsAd —-ROPO,Z +ADP (5) 
; Oo 

formed and broken, although not necessarily in a simultaneous process. 
It is noted that only one P—O bond is being formed and one P—O bond 
being broken in the displacement in direct analogy to known cases in 
organic chemistry. If the attack occurs at the middle phosphorus atom, 
Equation 4, b, the mechanism would require the cleavage of a P—O bond 
and a C—-O bond and the formation of a P—-O bond and a C—O bond. 
While it might be said the mechanism in Equation 5 also involves the 
cleavage and formation of an O—H bond, the latter is known to be formed 
and broken very rapidly in aqueous solution, in strong contrast to P—O 
and C—O bonds which are only broken relatively slowly. This is partic- 
ularly true of the C—O bond of a primary alcohol which requires vigorous 
forcing conditions for cleavage. Thus, the alternative, Equation 4, a, is 
mechanistically and energetically more simple, and in view of the analogies 
to creatine kinase, phosphoglycerate kinase, and the hydrolytic reactions 
it seems highly probable that hexokinase and the other similar kinases 

involve nucleophilic attack on the terminal phosphorus of ATP. 
Since the low O" content of the ADP indicates attack at the terminal 
position in the hydrolysis, it can readily be calculated that the O content 
of the inorganic phosphate liberated should have an atom per cent excess 
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of 0.29 (1.16/4). Instead the observed atom per cent excess is about 
0.815, indicating that an extensive exchange reaction has occurred between 
the phosphate ultimately appearing as inorganic phosphate and the water 
of the medium without appreciable uptake of gaseous O.. This exchange 
is also observed when the muscle strips are incubated with KH.PO, in 
the absence of added ATP, but in the latter case the exchange rate is lower. 
This is of particular interest in view of the similar exchange which has been 
observed by Cohn in mitochondrial preparations (14). An exchange of 
oxygen between water and phosphate has also been shown to be catalyzed 
by alkaline phosphatase (15). The mechanism of the exchange reaction 
will be discussed in a subsequent publication. 


SUMMARY 


1. The hydrolysis of adenosinetriphosphate catalyzed by washed lobster 
muscle strips was studied in O-labeled water. The low O" content of 
the ADP produced demonstrates that cleavage of the terminal phos- 
phorus-oxygen bond occurs in the hydrolytic reaction. It is concluded 
that the ATPase and many phosphokinase mechanisms involve a nucleo- 
philic attack on the terminal phosphorus atom of the ATP. 

2. The lobster muscle catalyzed an exchange of oxygen between water 
and phosphate without appreciable uptake of gaseous oxygen. 


The authors wish to acknowledge the invaluable advice and assistance 
of Mr. A. P. Irsa and Dr. L. Friedman in regard to the analyses on the 
mass spectrometer. 
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PEPTIDASES IN HUMAN BLOOD 


I. THE HYDROLYSIS OF GLYCYLGLYCINE AND GLYCYL-L-LEUCINE 
BY NORMAL SERUM 


By GERARD A. FLEISHER 
WiTH THE TECHNICAL ASSISTANCE OF NorMA GOPLERUD 


(From the Section of Biochemistry, Mayo Foundation and Mayo Clinic, 
Rochester, Minnesota) 


(Received for publication, June 19, 1953) 


Ever since peptidases were shown to be present in serum, various theories 
have been proposed to explain the origin and the mode of release of these 
enzymes (1-4). A thorough study of the properties of various serum pep- 
tidases has, however, not been made; instead, most investigators have 
tacitly assumed that the serum enzymes behave in a manner analogous to 
that of the known peptidases isolated from animal tissues. This lack of 
information has prompted us to investigate in greater detail the hydrolytic 
action of human serum on a number of peptides. Our results indicate 
that serum contains a multiplicity of peptidases, some of which have ap- 
parently not been found in tissues or cells. Similar investigations on the 
cellular elements of human blood, which will be described at a later time, 
have shown less complicated patterns. These findings, together with the 
results of our previous study (5) that some serum peptidases but not others 
may be altered in pathologic conditions, suggest the possibility of tracing 
certain peptidases to their tissues of origin. 

In this paper our experimental findings on the hydrolysis of glycylglycine 
and glycyl-L-leucine by normal serum will be described. 


Methods 


The serum used in this study was obtained from venous blood of four 
healthy individuals whose peptidase activities were comparable to one 
another. 0.5 ml. of serum, freed from its bicarbonate content with 0.03 
volume of n HCl, was mixed with 0.2 ml. of acid or alkali to obtain the 
required pH, and with 1.25 ml. of one of the following buffers, Sérensen’s 
phosphate, Michaelis’ Veronal or dimethylglycine, Gomori’s 2-amino-2- 
methyl-1 ,3-propanediol (6) (used as 0.1m). The activating ion was added 
in 0.05 ml. of water. These mixtures were preincubated at 38° for 2 to 4 
hours, if desired. 0.5 ml. of m/40 glycylglycine or glycyl-.-leucine, ad- 
justed to the required pH, was then added and a 0.5 ml. sample was with- 
drawn immediately. The remainder was incubated at 38° for the time 
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indicated in each experiment. Finally the pH was checked with a glass 
electrode. All concentrations refer to this fina] mixture. 

The samples were precipitated with 2 ml. of 1 per cent picric acid and 
centrifuged. They were analyzed in triplicate by the colorimetric nin- 
hydrin method of Moore and Stein (7). A known solution of L-leucine 
served as the standard. It was shown by Moore and Stein that Beer’s law 
does not hold in this test for optical densities above 0.5. Because the 
degree of peptide hydrolysis is determined from the difference of two color 
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Deviation fromm theoretical density 


Fic. 1. Corrections to be added to observed optical densities in the colorimetric 
ninhydrin method of Moore and Stein (7). Coleman junior spectrophotometer, 
model 6A; wave-length, 570 my; cuvettes, thick walled test-tubes with 18.35 + 0.10 
mm. outer diameter. 


values, it appeared that a greater accuracy could be obtained by utilizing 
the entire colorimeter range. The necessary corrections are plotted in 
Fig. 1; for added convenience, a table was constructed from this curve. 
The corrected densities were converted to the fractions p: of initial substrate 
hydrolyzed during the time of observation; the proportionality factors were 
obtained as described by Schwartz and Engel (8) and corrected according 
to the color value of the leucine standard. 

It has become rather common practice to treat most enzyme reactions 
as if they followed first order (monomolecular) kinetics. Recently, the 
author pointed out (9) that a closer fit of rate curves can be obtained if the 
integrated Michaelis-Menten equation in the form 
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t - l : +r 
= r 
m(r’ + 1) oer P 


isapplied. Of the two parameters, r’ is understood to contain the concen 
tration and the Michaelis constant of substrate, as well as concentrations 
































5560 65 2 3 4 «5S © 
pH -log [CoClz] 

Fic. 2. Hydrolysis of glycylglycine by normal serum in the presence of Cot+. 
a, effect of varying pH. O, phosphate buffer; @, Veronal buffer; X, no buffer; all 
with 10-* m CoCl:; time 3 hours. b, effect of preincubation of serum and Cott. O, 
not preincubated; @, preincubated for 4 hours; both in phosphate buffer with 10-3 
a CoCl:; time 3 hours. c, effect of varying concentrations of Co**. XX, phosphate 
buffer, pH 6.3; O, phosphate buffer, pH 6.8; @, Veronal buffer, pH 7.9; time 3 hours. 


and dissociation constants of all inhibitors which may be present initially 
or formed during the reaction, while m is the initial rate per minute in a 
plot of p versus t, and as such is a measure of enzyme activity. For the 
different optimal conditions of peptide hydrolysis, the parameters r’ were 
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determined from time reactions whenever possible; these values were as- 
sumed to be constant for all sera and were used to calculate the enzyme 
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Fic. 3. Hydrolysis of glycylglycine by normal serum in the presence of Mn**. 
a, effect of pH; @, Veronal buffer; X, no buffer; O, phosphate buffer; all with 2 X 
10-3? m MnCl; time 3 hours. 5, effect of varying concentrations of Mn++. Veronal 
buffer, pH 7.4; time 3 hours. 


sized that all m values are given for a serum dilution 1:5 and for a peptide 
concentration of 5 X 10-* m. Conversion to activities at different sub- 
strate concentrations cannot be made from these parameters alone, unless 
the absence of inhibitors is known. 
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Results 


Glycylglycine-Splitting Activity—In the presence of Cot+* the hydrolysis 
of glyeylglycine shows three distinct optima. Varying somewhat with the 
buffer used, these are located at pH 6.2 to 6.3, 6.8, and 8.0 to 8.3 (Fig. 2, 























1 2] 3 4 5 6 
Hours 
Fic. 4. Time reactions of normal serum and glycylglycine. a, activated with 
Cot*+. @, pH 6.8; O, pH 6.2; both with 10-* m CoCl, in phosphate buffer. b, ac- 
tivated with Mn**+, Veronal buffer, pH 7.4, with 2 X 10°? m MnCle. O, not pre- 
incubated; @, preincubated with Mn** for 2 hours. 





a). The cobalt concentration curves (Fig. 2, c) indicate that the activities 
are practically nil in the absence of Cot++, that the best concentration of 
Cot+ is not the same for the three pH optima, and that high concentrations 
cause inhibition or inactivation. At pH 8.0 the curve was obtained in 
Veronal buffer, since higher concentrations of Co++ cannot be reached in 
phosphate buffer. The adverse effect of excess Cot* on the pH 6.8-activity 
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appears to be due to inactivation, for preincubation of serum with Cot, 
but not in its absence, has been shown repeatedly to reduce the activity, 
This is illustrated in Fig. 2, b and may also be seen from the time curve 
(Fig. 4,a). The activity with optimum at pH 6.2 is in some part affected 
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Fic. 5. Hydrolysis of glycyl-u-leucine by normal serum. a, effect of varying 
pH. O, Veronal buffer; 0, 2-amino-2-methyl-1,3-propanediol buffer; both with 
10~* m MnCl;: @, Veronal buffer; X, phosphate buffer; ™, 2-amino-2-methy]-1,3- 
propanediol buffer; the last three with 10-* m CoCl.; time 2 hours. b, effect of vary- 
ing concentrations of Mn*+. O, Veronal buffer, pH 9.1; O, 2-amino-2-methy]-1 ,3- 
propanediol buffer, pH 9.2; time, 2 hours. c, effect of varying concentrations of 


Co**. @, Veronal buffer, pH 9.0; g, 2-amino-2-methyl-1 ,3-propanediol buffer, pH 
9.4; time 4 hours. 
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by the same sensitivity to Co**. since the ranges of the two activities over- 
lap. Without preincubation with Cot*+, the time curves at pH 6.2 and 
6.8 do not follow, therefore, Michaelis-Menten kinetics This situation is 
best recognized by plotting p/t versus (1/t) In 1/(1 — p), similarly to the 
method of Walker and Schmidt (10); instead of the usual straight line, a 
curve is obtained. The reaction at pH 8.0 is best described by first order 
kinetics; no difference was seen whether or not serum was preincubated 
with Cot, 

In the presence of Mn**, the hydrolysis of glycylglycine shows only a 
single peak at pH 7.4 (Fig. 3, a). The optimal concentration of Mn** is 
2X 10° (Fig. 3, 6), as determined in Veronal buffer; the activity is 
much lower in phosphate buffer because of the precipitation of manganese 
phosphate. Under optimal conditions Mn** is usually a better activator 
than Co**, if comparisons are made in 3 hour experiments. The activation 
by Mn++ does not require time (Fig. 4, b). The enzymatic reaction in the 
presence of Mn** fails to follow Michaelis-Menten kinetics for reasons not 
as yet understood; since preincubation with Mn** does not affect the 
activity, it appears unlikely that Mn** is directly responsible for the 
rapidly declining rate. 

While the effect of Zn*+* alone on the hydrolysis of glycylglycine was not 
investigated, the simultaneous presence of equimolar amounts of this ion 
and optimal amounts of Co** (at the three maxima of pH) or of Mn** 
caused almost complete loss of activity. 

Glycyl-t-leucine-Splitting Activity—The hydrolysis of glycyl-t-leucine by 
serum is distinguished by its requirement for a high pH and by its relatively 
great activity (Fig. 5). With the optimal concentration of Mn**, the 
maximum is observed at pH 9.4 in Veronal or dimethylglycine buffer. In 
the presence of Cot+ the optimum is at a somewhat lower pH, and the 
activity is considerably less. Whether Mn++ and Co** activate the same 
enzyme cannot be decided as yet. From a study of reaction rates, the 
parameters r’ were calculated to be 1.7 and 1.1, respectively, for Mn** 
and Cot+. Preincubation with the ions is not required. 

Because Mn++ is autoxidizable at pH 9.4, we have also investigated the 
enzymatic hydrolysis of glycyl-t-leucine in the absence of oxygen. The 
result was identical with that of a second reaction, which was allowed to 
proceed in the usual way under air, indicating that the formation of 
MnO(OH) is of no consequence for the enzymatic reaction. 

Zn** is not only ineffective as an activator (2 X 10-‘ m) but, when pres- 
ent together with Mn**, neutralizes the activating effect of the latter. 

Distribution of Activities in Normal Serum—With the optimal conditions 
for the glycylglycine and glycyl-t-leucine-splitting activities established, 
their distribution was investigated in twenty-five normal sera. The time 
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of reaction was chosen to be 3 hours in the case of glycylglycine and 2 hours 
for glycyl-t-leucine. Phosphate buffer was used below, Veronal buffer 
above pH 7.0. The normal subjects were nine men and sixteen women, 
ranging in age from 18 to 40 years. No correlation was noted with age. 
as to sex, it appeared that men have slightly higher values than women; 
however, more data are needed before such difference can be proved, 
Table I summarizes our results in condensed form without any sex differ- 


TABLE I 
Peptidases in Human Serum 


Hydrolysis of glycylglycine (GG) and glycyl-t-leucine (GL) by normal serum 
under optimal conditions of pH and ion concentration. 


GG | GL 





: Cot*+ Cot* | Cott | Mn* | Cot Mn++ 
Subject pH 6.2 | pH68 | pH8.0 | pH74 | pH90 | pio. 








e* | mt X 108 
1. Fasting 0.24| 0.31) 0.20! 0.37) 24! 43 
1. 4 hr. after meal 0.30 0.32 0.19 0.33 2.1 4.3 
Lis oo“ « 0.29) 0.33, 0.24 0.38 2.3 4.9 
1.2hre. “ “ 0.28; 0.33 0.18; 0.36 2.8 4.6 
2 0.23; 0.24) 0.18) 0.33 1.9 3.3 
3 0.34; 0.41) 0.18! 0.45 3.8 4.8 
4 | 0.37 | 0.38| 0.48} 0.45 3.3 6.8 
5 | 0.52) 0.55) 0.30) 0.55 4.8 9.0 
6 | 0.47 | 0.52) 0.55) 0.55 3.8 7.7 
7 | 0.59/ 0.66; 0.43/ 0.56 48. 7.1 

| 


25 men and women; range (for | 0.19; 0.24) 0.12] 0.12 3.4 5.9 


GG) or mean and s.d. (for | —0.59 | —0.66 | —0.55 | —0.58 +0.9 42.3 
GL) | 


* Fraction of substrate hydrolyzed in 3 hours. 
¢ Activity per minute for serum dilution 1:5. 


entiation. Included are data on the peptidase activities before and after 
a substantial meal; the total intake was about 2000 calories, of which 59 
per cent was contributed by fat and 17 per cent by protein. It appeared 
that during a 2 hour period after ingestion of food there was no significant 
change of serum peptidase activities. In Table I the results on a few sera 
are listed in order to compare their individual activities. Especially the 
Co++-activated glycylglycine hydrolysis at pH 8.0 may be seen to vary in 
a manner different from the other activities. From these observations it is 
concluded that Co** at pH 8.0 and Mn++ at pH 7.4 probably do not 
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activate the same enzyme. Other conclusions do not seem to be warranted 
at this time. 


DISCUSSION 


The hydrolysis of glycylglycine by human serum, assumed to be due to a 
specific cobalt-activated dipeptidase similar to the enzyme in animal tissues 
(11, 12), has been tested previously at pH 7.3 (3) and pH 7.8 (4) in the 
presence of 10-* m Cott. The activities reported under these conditions 
were low. The results of our experiments indicate that there are three 
regions of high activity with peaks near pH 6.2, 6.8, and 8.0. The three 
activities differ with respect to their sensitivity to Cot*. In contrast to 
the glycylglycine dipeptidase from rat muscle (11), high concentrations of 
Cot+ affect the serum activities adversely. At pH 6.8 this effect appears 
to be due to inactivation, and the abnormal kinetics of the reactions at pH 
6.2 and 6.8 can thus be explained. The hydrolysis at pH 8.0, which was 
found to follow first order kinetics, may be somewhat affected by the forma- 
tion of a complex between glycylglycine, Co+*, and oxygen (13). In con- 
trast to the glycylglycine dipeptidase from animal tissues which has been 
shown to be rather specific for Cot+*, serum contains also a manganese- 
activatable enzyme (3). Under the conditions of our test, the activating 
effect of Mn++ at pH 7.4 was even greater than that of Co+* at any of the 
three optima. Judging from the distribution of activities in normal sera, 
different enzymes appear to be responsible for the hydrolysis of glycylgly- 
cine in the presence of Mn** at pH 7.4 and of Co** at pH 8.0. 

Glycyl-t-leucine has not been used commonly as a substrate for serum 
peptidases. Enzymes specific for this substrate have been obtained from 
animal tissues with pH optima between 7.8 and 8.0, some activated by 
Mn++, others by Zn*+ (12, 14); phosphate has been said to be essential for 
maximal activity (14). The results of our studies indicate that there is 
very little reaction between serum and glycyl-t-leucine at pH 8.0. Instead, 
a rather marked activity was observed in the more alkaline region, with an 
optimum at pH 9.4 in the presence of Mn++. This enzyme shows greater 
activity than any other serum peptidase investigated so far. With Cott 
the activation is considerably less, and may be due to the same enzyme. 


SUMMARY 


The hydrolytic action of normal human serum on glycylglycine and 
glycyl-L-leucine under a variety of conditions has been studied. With 
glycylglycine and Co** as the activating ion, three apparently independent 
activities were observed, with optima near pH 6.2, 6.8, and 8.1; these 
differed in their susceptibility to the activating and inactivating effect of 
Co** and in their distribution in the sera from twenty-five normal persons. 





934 PEPTIDASES IN HUMAN BLOOD. I 


In the presence of Mn**, on the other hand, the hydrolysis of glycylglycine 
seemed to be catalyzed by only a single peptidase. With glycyl-t-leucine 
as the substrate, the optimal pH was 9.0 to 9.6, depending on the buffer 
and activating ion used. Under the best conditions Mn++ was about 
twice as active as Cott, while Zn++ showed only an inhibitory effect. 
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THE ENZYMATIC PHOSPHORYLATION OF PYRIDOXAL* 


By JERARD HURWITZt 


(From the Department of Biochemistry, School of Medicine, Western Reserve University, 
Cleveland, Ohio) 


(Received for publication, April 20, 1953) 


The conversion of pyridoxal to pyridoxal phosphate in the presence of 
ATP! was first observed by Gunsalus, Bellamy, and Umbreit (2) using 
Streptococcus faecalis R. Later, Trufanov and Kirsanova (3) showed that 
liver was capable of converting pyridoxine to pyridoxal phosphate. The 
importance of the kinase reaction leading to pyridoxal phosphorylation 
was later established by the work of Umbreit and Waddel (4). These 
workers, using S. faecalis R demonstrated that desoxypyridoxine was in- 
effective as an inhibitor on tyrosine apodecarboxylase, while the phospho- 
rylated form was effective in inhibiting this pyridoxal phosphate-requiring 
enzyme. They also demonstrated that, upon incubation of desoxypyri- 
doxine with ATP in the presence of S. faecalis R, the resulting product 
was a potent inhibitor of the tyrosine apodecarboxylase. 

The purpose of this paper is to present a more detailed study of the 
enzymatic reaction leading to the formation of pyridoxal phosphate from 
pyridoxal and ATP. 


Materials and Methods 


The enzyme was purified from brewers’ yeast, strain BSC, obtained from 
Anheuser-Busch, Inc., St. Louis.2. The pyridoxal hydrochloride was from 
the Nutritional Biochemicals Corporation, while pyridoxal phosphate of 
22 per cent purity was a generous gift of Dr. W. W. Umbreit. 

The ATP was either the barium salt from the Sigma Chemical Company 
or the sodium salt from the Pabst Laboratories. The barium salt of ADP 
or ATP was converted to the sodium salt by ion exchange treatment, fol- 
lowed by neutralization. ITP* was made from ATP by the method of 


*The work was aided by grants from the National Vitamin Foundation, the 
Atomic Energy Commission, and the Elisabeth Severance Prentiss Fund of Western 
Reserve University. A preliminary report of this work has appeared (1). 

t Predoctoral Fellow of the National Institutes of Health. 

1 The following abbreviations are used throughout: ATP = adenosinetriphos- 
phate, ADP = adenosinediphosphate, AA = adenylic acid, ITP = inosinetriphos- 
phate, FMN = flavin mononucleotide. 

2 Anheuser-Busch, washed yeast dried at low temperature. The author is deeply 
indebted to Mr. J. D. Vernon. 

3 [TP was a generous gift of Mr. S. Englard. 
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Kleinzeller (5). Zwischenferment was prepared according to Kornberg (6), 
and hexokinase* by the method of Berger et al. (7); apyrase was purified 
according to the procedure of Krishnan (8) from potato. 

S. faecalis R was grown on a vitamin Be-deficient medium as described 
by Bellamy and Gunsalus (9), and cell-free preparations of tyrosine apo- 
decarboxylase were prepared therefrom as described by Epps (10). After 
autolysis of the acetone powder, the cell débris was removed by centrifuga- 
tion at 11,000 r.p.m. in the cold (2°). The clear yellow supernatant fluid 
was lyophilized and stored at 2° in a desiccator. The apyrase preparation 
was also kept as the lyophilized powder and both the apodecarboxylase 
and apyrase preparations were stable for more than a year. 

Assay of Enzyme—The extent of purification of the kinase was measured 
by determining the amount of pyridoxal PO, synthesis from ATP and 
pyridoxal. A sensitive assay for the determination of pyridoxal phosphate 
has been developed by Umbreit, Bellamy, and Gunsalus (11) using the 
tyrosine apodecarboxylase procedure. However, it was found that the 
tyrosine apodecarboxylase preparation described above was capable of 
phosphorylating pyridoxal in the presence of ATP, and therefore the 
method was not satisfactory when excess ATP and pyridoxal were present. 
Unsuccessful attempts were made to separate the tyrosine apodecarboxyl- 
ase from the kinase. It was found that the purification procedure de- 
scribed by Epps (10) for the tyrosine decarboxylase was not applicable to 
preparations from cells grown on vitamin Be-deficient medium. Attempts 
to resolve the purified holodecarboxylase of S. faecalis R by the procedure 
described by Epps were too erratic. Aging (12) was also found not to be 
reproducible, and a more suitable means of assaying the kinase was sought. 

The problem was met by the use of apyrase in excess. The apyrase 
served to destroy excess ATP remaining after incubation of pyridoxal and 
ATP with the yeast pyridoxal kinase. The resultant pyridoxal phosphate 
was then assayed with the tyrosine apodecarboxylase. Pyridoxal and AA 
alone are inert with the decarboxylase, causing neither stimulation nor 
inhibition. 

For a true assay of the yeast pyridoxal kinase with no interference from 
the kinase present in the apodecarboxylase preparation, the following pro- 
cedure was used. The yeast kinase preparation was incubated with pyri- 
doxal and ATP for the desired length of time. The reaction was stopped 
by immersing the tubes in boiling HO for 3 minutes. The vessel contents 
were then diluted to 5 ml. and filtered. An aliquot was removed and 
treated with exactly 0.35 ml. of a 1:100 dilution of the apyrase (210 units)’ 

4 The author is indebted to Dr. T. P. Singer for this preparation. 


51 unit as defined by Krishnan is that amount of enzyme which will liberate 1 y 
of P in 30 minutes from ATP under the conditions described. 
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for 30 minutes under conditions specified by Krishnan (8). This was then 
immersed in an ice bath and diluted to 5 ml., and an aliquot was removed 
and assayed for pyridoxal phosphate with tyrosine apodecarboxylase. 

It was found necessary to use large dilutions of the apyrase because of 
the presence of a non-specific phosphatase which is capable of hydrolyzing 
pyridoxal phosphate. It was found that the phosphatase action disap- 
peared when the amount of apyrase used was below 1200 units.° 

Fig. 1 illustrates the sensitivity of the tyrosine apodecarboxylase method. 
The 3 Vmax. is 1.3 X 10-® M, which agrees well with that reported by O’Kane 
and Gunsalus, 1.5 X 10-* m (13). In all assays with tyrosine apodecar- 





l i 1 i Lt 
: 64 6 8 10 16 


Fia. 1. Effect of pyridoxal phosphate on tyrosine apodecarboxylase. Ordinate, 
microliters of CO. per 10 minutes; abscissa, M X 10-* pyridoxal phosphate in 3 ml. 
The conditions of the assay are 0.5 ml. of 0.03 m tyrosine in the side arm, 0.25 ml. of 
enzyme, 1.0 ml. of 0.2 m acetate buffer, pH 5.5, pyridoxal phosphate, and H.0 to 
give final volume of 3 ml. The vessels are incubated 10 minutes at 30°, and then 
tyrosine is tipped in. 





boxylase, 10 minutes preincubation of the enzyme with pyridoxal phos- 
phate was necessary to permit complete union with the enzyme. After 
this period, tyrosine was tipped in, and the CO» evolution was measured 
over a 10 minute period. The total CO» evolution is an indication of the 
pyridoxal phosphate present. For the best accuracy, the concentration of 
pyridoxal phosphate was so adjusted that 25 to 110 ul. of CO. were liberated 
in 10 minutes. Within this range, the method has been found to be re- 
producible and constant even with different preparations of tyrosine apo- 
decarboxylase. 

The yeast pyridoxal kinase was assayed in low actinic tubes in a 2 ml. 
volume containing 0.03 m KPO, buffer, pH 6.85, 5 X 10-*m ATP, 5 X 10° 
M pyridoxal, and 1 X 10-* m Mg++ at 33.5° for 120 minutes, unless other- 
wise indicated. 
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Protein Determination—Protein concentration was determined by meas- 
uring Eg values at pH 7.0. The relationship between the Dog and the 
dry weight was determined at each stage of purification. 


Purification of Enzyme 


Step A—The conditions for autolysis were those described by Kearney 
and Englard (14) and yielded reproducible preparations from 300 or 500 
gm. lots of yeast. 

After analysis, the mixture is centrifuged for 45 minutes at 5000 r.p.m. 
and the decanted supernatant fluid is cooled to 0-1°. Further purification 
was carried out at 2°. 

Step B—The supernatant fluid is adjusted to 0.4 saturation (28.6 gm. 
of (NH4)2SO, per 100 ml.) with solid (NH,) SO, and stirred for 40 minutes, 
The suspension is then centrifuged for 1 hour at 5000 r.p.m., which yields 
a heavy precipitate. The resulting cloudy supernatant solution contains 
some enzyme. A better yield is obtained if the entire (NH4)2SO, suspen- 
sion is centrifuged for 20 minutes in the Spinco ultracentrifuge at 17,500 
r.p.m. equipped with the large head. The resulting clear yellow super- 
natant fluid is discarded. The precipitate is suspended in about 60 ml. of 
H,0 and dialyzed 14 to 16 hours against distilled H.O. Dialysis results 
in the formation of a heavy precipitate which is removed by centrifugation 
for 30 minutes at 10,000 r.p.m. 

Step C—The yellow clear supernatant fluid is then adjusted to pH 5.0 
with 1 N acetic acid (about 0.3 ml. per 75 ml. of enzyme), whereupon heavy 
precipitation occurs. After 30 minutes of stirring at this pH, the precipi- 
tate is removed by a 15 minute centrifugation at 10,000 r.p.m. 

Step D—One-thirtieth of the volume of 2 m acetate buffer, pH 5.0, is 
added. The solution is cooled in a salt-ice-water bath to about 0°, and 
95 per cent ethanol (at —10°) is added to give a concentration of 12 per 
cent by volume. The alcohol is added over a 15 minute period, during 
which the temperature may rise to about 2°. The heavy precipitate is 
immediately centrifuged at 3000 r.p.m. for 15 minutes and the supernatant 
fluid discarded. The precipitate in the centrifuge bottles is evacuated in 
a desiccator, yielding a dry white powder which is stable. 

Step E—The dry powder is dissolved in 100 ml. of 0.05 M succinate buffer 
at pH 6.0, resulting in a turbid solution which is clarified by centrifugation 
for 15 minutes at 10,000 r.p.m. The clear yellow solution is cooled to 0° 
and brought to 0.42 saturation with solid (NH4)2SO,4 (30 gm. of (NH4).SO, 
per 100 ml.). This is stirred for 30 minutes and then centrifuged for 30 
minutes at 10,000 r.p.m. The precipitate is dissolved in H,O and dialyzed 
against 3 liters of 0.002 m succinate buffer at pH 6.0 for 3.5 hours. 

In some preparations at Step E there were small amounts of myokinase. 
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It was found that the myokinase could be quantitatively removed by the 
heat treatment described in Step F. This step, besides serving the purpose 
of removing myokinase, also resulted in an additional 2-fold purification. 

Step F—Immediately after dialysis, the solution is made 0.03 m with 
respect to succinate buffer at pH 6.0 and 0.02 m MgSO, (0.2 ml. per ml. of 
enzyme solution) is added. The mixture is then immersed with constant 
stirring in an H,O bath at 55°. After exactly 5 minutes at this tempera- 
ture, the enzyme solution is removed and rapidly cooled to about 5°. A 
large coagulated precipitate is readily removed by centrifugation. This 
results in a clear, faintly yellow-colored solution. 

A summary of the purification and specific activity at each stage is in- 
dicated in Table I. It will be noted that the true purification and yield 


TaBLe I 
Summary of Purification of Kinase from Yeast 


Step Total units* Specific activityt 





A 1870 0.036 
B 3720 1.345 
C 4030 3.57 
D | 4330 15.9 
E | 2200 21.4 
F 1860 44.2 


* Total units = millimicromoles of pyridoxal phosphate synthesized in 2 hours 
at 33.5° under the conditions described in the text. 

t Specific activity = millimicromoles of pyridoxal phosphate synthesized per 
mg. of protein. 


cannot be determined. The increase in total units appears to be due to 
removal of interfering enzymes, such as phosphatase and ATPase. At- 
tempts to inhibit phosphatase action by the use of fluoride (0.1 mM) were 
unsuccessful. It was found that fluoride inhibited the action of the kinase, 
presumably by binding a metal component. The final preparation at Step 
E or F is free of phosphatase as determined with pyridoxal phosphate and 
free of ATPase. 

At any stage in the preparation, the enzyme can be lyophilized without 
loss of activity. From Step D on, the enzyme shows some degree of in- 
solubility in H,O, and for this reason salts are used. The enzyme prepara- 
tion at Step E is stable for weeks, but after 2 months at 0° the activity of 
the dry powder decreased about 30 per cent. 

Enzyme Properties—The enzyme preparation at Step E is found to follow 
zero order kinetics for over 2 hours. Fig. 2 illustrates this and also demon- 
strates the slow rate of the reaction as catalyzed by the preparation. The 
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temperature optimum of the reaction is 47° and advantage has been taken 
of this property in the purification (Step F). At the temperature opti- 
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Fic. 2. Time curve. Ordinate, mum of pyridoxal phosphate; abscissa, time in 
hours. 1.1 mg. of protein, specific activity 17.3; temperature 33.5°. Conditions as 
described in the text. 

Fic. 3. pH curve. Ordinate, mum of pyridoxal phosphate synthesized; abscissa, 
pH. Each tube contained 1.02 mg. of protein, specific activity 17.3. Temperature 
33.5°. The pH at each point was checked with the entire reaction mixture at the 
temperature of incubation. 
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Fig. 4. Effect of varying protein concentrations. Ordinate, mum of pyridoxal 
phosphate synthesized; abscissa, mg. of protein. Specific activity of preparation 
at Step E, 25.8. Temperature 33.5°. 

Fic.5. K, curve for pyridoxal. Ordinate, substrate divided by velocity; abscissa, 
concentration of pyridoxal X 10°. 0.87 mg. of protein per vessel, specific activity 
13.4. Time of incubation 120 minutes. 


mum, the reaction is found to be linear for 2 hours when excess substrate 
is present. With limiting amounts of substrate, the enzyme is inactivated. 
The enzyme has a sharp pH optimum between 6.6 and 7.0 (Fig. 3), and, 
while phosphate buffer has been used routinely wherever possible, other 
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buffers such as succinate and maleate could be substituted without affecting 
the reaction rate. Dimethylglycine and histidine buffers produced marked 
inhibition. 

The reaction is directly proportional to enzyme concentration up to 
about 2.5 mg. of protein (Fig. 4). For convenience, about 1 mg. of protein 
was usually used in assays. 

Substrate Requirements—With preparations at Step E, the K,, for ATP 
varied between 5 X 10-‘ m and 8 X 10~ M, while at Step F it was 3.3 x 
10-*m. The K,, for pyridoxal was found to be 1.4 X 10~‘ M with prepara- 
tions either at Step E or F (Fig. 5). At present there is no explanation of 
the variation in ATP. If the ATP was being bound by contaminating 


TaBie II 
Effect of Metals on Purified Kinase 











Metal Kn Theoretical Vmax. | Observed Vinax- | en P 
M M M M 
ag ee 1.52 X 10-3 4.68 K 1075 3.4 xX 10-5 3 X 10-3 
Zn.. Peewee i ea 1.21 XK 10-5 1.01 X 10-5 1 xX 10- 
Mg** (succinate)*.| 3.25 K 10-4 2.34 X 10-* | 2.29 X 10-5 ix we 
NE os om a se Deen lel 3.89 * 10-5 1.02 X 10-5 0.98 x 10-5 5 X 10- 
__ ag CE ee 1.62 X 10-3 5.17 X 10-5 3.29 X 10-5 2 X 107? 





Theoretical Vmax. is that derived from 1/V versus 1/S plot. Fet*+*, Al, and Ca 
were found to inhibit, while Cu** had no effect and Mn activated the system. 

* Contained succinate buffer, while all the rest contained PO, buffer. 

+ Run under anaerobic conditions in a Dubnoff shaker at 34°. 


kinases present in the preparation (see “Specificity studies”’), a similar effect 
would be expected with Mg++, but no such variation was noticed. The 
4Vinax, Observed for Mg*+ with different preparations was constant at 
4.7 X 10-* M. 

Metal Activation—After Step B, the kinase demonstrates a definite re- 
quirement for a divalent metal. At Step D, there is negligible activity in 
the absence of a divalent metal. At Step E, the metals indicated in Table 
II were found to activate the kinase. No metal activation was studied 
with the enzyme at Step F since Mg** was initially present. It will be 
noted that in the case of Co++, Zn++, and Fe++ the observed Vinax. is lower 
than the theoretical. This was found to apply to metals causing inhibition 
when the concentration was increased beyond that recorded in the last 
column of Table II. In the case of Mgt*, succinate buffer was employed 
to compare the effect of binding of metal by phosphate buffer. The curve 
in Fig. 6 illustrates the effect of Mg++ with phosphate buffer. In this case, 
the K,, was 4.7 X 10-‘M, which is higher than that obtained with succinate 
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buffer. The difference between the two is not very marked, but there is 
an indication of binding by phosphate buffer, which is in accord with 
effects observed with phosphate. 


30 
20 


10 





4 4 4 4 
T 


2 4 6 86 410 12 

Fic. 6. Effect of Mg*tt. Ordinate, mum of pyridoxal phosphate synthesized 
abscissa, M X 10-*MgSO,. The vessels contained 2.5 mg. of protein, specific activity 
18.7. 





Taste III 
K, of Purine Compounds 


Compound Ki* Krt 
M M 

Ce hic a ee fee 5.8 xX 10-4 
0 Poe ee eee ee 6.25 X 10-4 
ES a por eee errr ee tery 6.63 X 10-4 | 
BE isin Siwkareaw 2.29 X 10-¢ 2.07 * 10-4 
eer..... Pekin Wath deel cee 6 ats Oa 2.2 X 10°° No inhibition 
WIUINN  oa5. So chiki dssizibinnalsoete acca 1.74 X 10-3 ve _ 


Enzyme preparation at Step F concentration of adenine = 5.4 X 1074 , aden- 
osine = 1 X 10-*M, adenylic acid = 1 X 10-?m, ADP = 8.75 X 10-‘m, ITP = 3.1 X 
10-* M, pyrophosphate = 5 X 107? a. 

* Assayed with 1 X 10-3? m Mg. 

¢ Assayed with 4 X 10-3 m Mg~. 


In the case of Fe++, the experiment was run under anaerobic conditions, 
since aerobically it was found® that Fe++ was rapidly oxidized to Fet*+. 

It can be seen that Cot++ and Fe++ appear to be the best activators of 
the system, but, because of the observed inhibition with Cot+ and the 
oxidation of Fe++, Mg++ was routinely used. 


* The reaction has been observed by Dr. J. A. Muntz to be very rapid in the pres- 


ence of bicarbonate. The author is indebted to Dr. Muntz for pointing out this 
effect. 
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Inhibition Studies—The kinase is specific for ATP, and neither ITP nor 
ADP is capable of substituting as the phosphorylating agent. The com- 
petitive inhibition of kinase reactions by derivatives of the adenylic acid 
system has been shown to occur (15). A more detailed study concerning 
the nature of this inhibition was undertaken. Table III illustrates the 
effect of such compounds. All were found to be competitive inhibitors, 
and the K, of these compounds has been determined by the plot of 1/V 
versus 1/8, illustrated with ADP and AA in Fig. 7. Adenine, adenosine, 
and AA have approximately the same inhibitor constant, while the K, for 
ADP is much lower and that with ITP is much higher. It is known that 











Fic. 7. K; determination of ADP and AA. Ordinate, 1/(velocity) X 10‘; abscissa, 
1/(substrate concentration) X 10%. Vessels incubated 2 hours at 33.5° with enzyme 
at Step F; specific activity, 35; protein concentration, 0.91 mg. Curve 1, ATP 
alone; K, found to be 3.31 X 10-*m. Curve 2,1 X 10-* m AA plus varying concen- 
trations of ATP. Curve 3, 8.75 X 10-‘m ADP plus varying concentrations of ATP. 


polyphosphate derivatives are capable of binding metals (16, 17). To de- 
termine whether the inhibition observed with ITP and the increased inhibi- 
tion with ADP could be due to this chelation, the K,; determination was 
repeated with 4 X 10-* m Mgtt. As shown in Table III, the inhibition 
with ADP remains unaltered, while that due to ITP completely disap- 
peared. The inhibition constant with ITP is nearly 6 times higher than 
that with the other inhibitors. Since the pyrophosphate grouping is ap- 
parently involved in the binding of metal, pyrophosphate should also lead 
to a similar result; 2.e., inhibition with a high K, and reversal of this in- 
hibition with increased Mgt+. This was found to be the case. The K, 
obtained with pyrophosphate was 1.7 X 10-* mM, and it was completely 
reversed by increasing the Mg** concentration to 4 K 10 m. 

Thus, it would appear that the inhibition observed with ITP and pyro- 
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phosphate was due to a binding of Mgt*, rendering the metal inaccessible 
for union with the enzyme. No effect of hypoxanthine (2 X 10-* my), 
inosine (2 X 10-* m), and inosinic acid (1.13 XK 10-* M) was observed. It 
appears that the 6-NH»2 group of the purine ring is in some manner in. 
volved in the formation of the enzyme-substrate complex. The increased 
inhibition with ADP may indicate the possible réle of the secondary phos- 
phate group in this complex, but further work is necessary to establish this 
point. 

Specificity Studies—At Step E, the enzyme preparation is heterogeneous 
and is capable of phosphorylating glucose and riboflavin. Disappearance 





TABLE IV 
Phosphorylation of Different Substrates 
Step Glucose | Adenosine Ribose | Riboflavin | Pyridoxal 
ja paeaeetatieceias . : —|—______. 

B/A 1.21 | 0.97 0.19 | 7.08 | 2 

C/B 3.56 | 0.24 0 |} 1.52 | 2.09 
D/C 0.60 3.39 0 0.374 3.5 
E/D 0.596 | 0 0 0.94 : 
F/E 1.95 0 0 | 1.54 5.9 








Substrate concentration, 0.020 m, ATP 0.010 m, MgSO, 0.002 m, glyeylglycine 
buffer 0.03 m (pH 7.32); enzyme in a total volume of 2 ml. Incubated 120 minutes 
at 33.5°. Reaction stopped by HClO,, hydrolysis for 10 minutes at 100° in 1 n 
HC10,, and labile P disappearance measured. Riboflavin, 1.5 X 10-4 m and above 
in same concentration in 2 ml. Reaction stopped by addition of 0.5 ml. of 20 per 
cent trichloroacetic acid and FMN determined by the Burch-Bessey-Lowry method 
as modified by Kearney and Englard (14). (These determinations were carried out 
by Mr. S. Englard, to whom the author is grateful.) Pyridoxal kinase assayed by 
the tyrosine apodecarboxylase method. 





of labile P, measured by the Berenblum-Chain method (18), indicated that 
ribose, adenosine, and fructose-6-PO, are not phosphorylated. The for- 
mation of flavin mononucleotide from riboflavin was also verified by the 
Burch-Bessey-Lowry method (19). Purified preparations of yeast hexo- 
kinase did not form pyridoxal phosphate when incubated with pyridoxal 
and ATP. Flavokinase has previously been shown to be a different en- 
zyme from pyridoxal kinase by Kearney and Englard (14). 

The initial enzyme preparation (autolysate) phosphorylated glucose, 
adenosine, ribose, and riboflavin. To rule out the possibility that any of 
the kinases associated with the above substrates were identical with pyri- 
doxal kinase, the ratios of the specific activities of each of the above kinases 
were determined at each stage. Table IV presents a comparison of the 
ratios of the specific activity with pyridoxal kinase. All of the above 
enzymes had markedly different ratios from that found with pyridoxal 
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kinase. There was negligible ribokinase activity in the first ammonium 
sulfate fraction. Sable (20) has reported that ribokinase from brewers’ 
yeast is primarily precipitated between 0.485 and 0.625 (NH) 2SO, satura- 
tion. This would explain the low concentration of the enzyme in the 
first (NH4)2SO, fractionation and the very low ratio. Hexokinase and 
flavokinase are nearly removed. 

A recent report (21) indicated that a partially purified yeast fraction 
capable of phosphorylating pyridoxine was also capable of phosphorylating 
thiamine. The enzyme preparation at Step F has been assayed for its 
ability to convert thiamine and ATP to thiamine pyrophosphate. No 
formation of this coenzyme was observed in the yeast apocarboxylase 
procedure (22). 

It can be deduced from the above observations that the enzyme which 
phosphorylates pyridoxal is not the same as any of the enzymes associated 
with the compounds tested. 

Stoichiometry—The rate of the reaction is extremely slow in the presence 
of limiting amounts of ATP, and this made the determination of ATP dis- 
appearance difficult to demonstrate. By increasing the incubation time 
and enzyme concentration, it was possible to form comparatively large 
amounts of pyridoxal phosphate. Thus, when 100 mum of ATP, which 
had been treated with Dowex 1 (23), were employed, disappearance of 
labile P was detected by the Berenblum-Chain method. In two experi- 
ments with preparations at Steps E and F 36 mum of pyridoxal phosphate 
were formed and 36 mum of labile P disappeared; the other 31 mum of 
labile P disappeared, with the accumulation of 28.8 mum of pyridoxal 
phosphate. Thus, the reaction may be formulated, pyridoxal + ATP — 
pyridoxal phosphate + ADP. 


DISCUSSION 


While the purification of the kinase clarifies the mode of pyridoxal phos- 
phorylation, the manner in which the other vitamin Bg derivatives are 
converted to pyridoxal phosphate is as yet poorly understood. Pyridoxal 
kinase has been found capable of phosphorylating pyridoxine and pyri- 
doxamine (24). The enzyme is well distributed in nature, as is indicated 
by its presence in brain (25), FE. coli,’ liver (3, 26), and S. faecalis R. 

Bellamy, Umbreit, and Gunsalus (27) have demonstrated the formation 
of pyridoxal phosphate after incubation of pyridoxamine and pyruvate 
with S. faecalis R. The aspartic acid decarboxylase of Clostridium welchii 
has been shown by Meister, Sober, and Tice (28) to require pyridoxal 
phosphate for activation, while pyridoxamine phosphate is inactive. They 
also showed that incubation of resolved decarboxylase with pyridoxamine 


7 Hurwitz, J., unpublished observations. 
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phosphate in the presence of pyruvate results in its activation. Gunsalus 
and Tonzetich (29) have recently demonstrated that the formation of 
glutamate from a-ketoglutarate and pyridoxamine is activated by pyridoxal 
phosphate. This appears to be a transaminase reaction. It is possible 
that the reaction occurs with pyridoxamine phosphate. With this as the 
starting substrate, the product of the reaction would be pyridoxal phos- 
phate. The conversion of pyridoxine to pyridoxal phosphate has been 
observed (3, 26), but nothing at present is known about the oxidation step, 
Cell-free preparations of liver are capable of this oxidation, and further 
work is now in progress concerning this reaction. 


SUMMARY 


1. A kinase from yeast has been purified and demonstrated to catalyze 
the reaction, pyridoxal + ATP — pyridoxal phosphate + ADP. 

2. The kinetics of the reaction have been studied as well as the properties 
of the enzyme. 

3. The metal requirements and the Michaelis constants of the system 
have been determined. 


4. The reaction can be competitively inhibited by adenine derivatives. 
The nature of this inhibition has been discussed. 


5. A brief discussion concerning the metabolism of vitamin Bg derivatives 
is given. 


The author is deeply indebted to Dr. T. P. Singer for suggesting this 
problem. It is a pleasure to acknowledge the continued guidance and 
jnterest of Dr. E. B. Kearney, Dr. T. P. Singer, and Dr. J. A. Muntz. 
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THE SEQUENCE OF AMINO ACIDS IN OXYTOCIN, WITH A 
PROPOSAL FOR THE STRUCTURE OF OXYTOCIN* 


By VINCENT pu VIGNEAUD, CHARLOTTE RESSLER, anp STUART 
TRIPPETT 


(From the Department of Biochemistry, Cornell University Medical College, 
New York, New York) 


(Received for publication, July 13, 1953) 


Previous communications from this laboratory have shown that oxy- 
tocin hydrolysates contain leucine, isoleucine, tyrosine, proline, glutamic 
acid, aspartic acid, glycine, and cystine in equimolar ratios to each other 
and ammonia in a molar ratio to any one amino acid of 3:1 (1, 2). The 
sequence of these amino acids in oxytocin has now been investigated 
through partial hydrolysis studies of oxytocin, of desulfurized oxytocin, 
and of the large fragment resulting from treatment of performic acid-oxi- 
dized oxytocin (3) with bromine water (4, 5). The resulting peptides were 
separated into acidic and neutral components by use of ion exchange resins 
and were then further separated by paper chromatography. The composi- 
tion of the various peptides was determined by elution, hydrolysis, and 
analysis for amino acids by paper chromatography. On the basis of these 
data along with other information such as that derived from utilization of 
the Edman degradation (6) and from the cleavage with bromine water (5), 
together with certain assumptions which wil] be mentioned, a tentative 
structure for oxytocin is proposed. 


EXPERIMENTAL 


Partial Hydrolysis of Oxytocin and Desulfurized Oxytocin—Oxytocin and 
desulfurized oxytocin (7) were hydrolyzed essentially as described by 
Consden, Gordon, Martin, and Synge for the partial hydrolysis of grami- 
cidin S (8). The techniques utilized in the partial hydrolysis of wool (9) 
were then applied for the separation of the resulting mixture. Approxi- 
mately 10 mg. of oxytocin or desulfurized oxytocin were dissolved in 1 ml. 
of a mixture of equal volumes of concentrated HCl and glacial acetic acid 
and the solution was kept at 37° under an atmosphere of nitrogen for 6 
days. The hydrolysate was freed of acid by evaporation under reduced 
pressure and by repeated evaporation with water under the same condi- 
tions. The residue was then placed on a column of Amberlite IR-4B 


* Appreciation is expressed to the Lederle Laboratories Division, American Cy- 
anamid Company, for research grants which have aided greatly in this work. Ac- 
knowledgment is also made to Armour and Company and Parke, Davis and Company 
for source material for the preparation of purified oxytocin. 
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(11 X 0.7 em.), previously brought to pH 3 by treatment with 1 Nn HC] 
followed by washing overnight with water, and the neutral fraction of the 
hydrolysate was eluted with 20 ml. of water. Elution with 20 ml. of 1 x 
HCl then gave the acidic fraction of the hydrolysate. 

In the case of the oxytocin hydrolysate, the eluate containing the neutral 
fraction, after evaporation, was taken up in 1 ml. of water and treated at 
0° for one-half hour with an excess of bromine water. The acidic peptides 
so formed, in which cystine had been oxidized to cysteic acid, were sepa- 
rated from the residual neutral peptides by fractionation on an Amberlite 
IR-4B column at pH 3 as already described. Aliquots, usually one- 
seventh, of the three fractions so obtained, neutral, acidic, and cysteic acid- 


TaBLe I 
Peptides from Hydrolysis of Oxytocin 











| Rr value | 
Peptide area No.| | n-Butyl Amino acid composition 
Phenol | alcohol-acetic 
| acid-water 
- —_———— eed - - = ee — -— = 
i” 0.72 | 0.58 | [Leu, Gly, Pro] 
2t | 0.33 | 0.22 (Tyr, CyS-SCy, Asp, Glu, Leu-Ileu] 
3t | 0.17 0.17 (Tyr, CyS-SCy, Asp, Glu] 
at | 0.16 | 0.035 |  [Cy8-SCy,Asp, Glu] 
5t | 0.08 | 0.06 [Cysteic, Asp, Glu] 








* Peptide 1 was obtained from the neutral fraction of the hydrolysate. 

t Peptides 2, 3, and 4 were obtained from the acidic fraction. 

t Peptide 5 was obtained after treatment of the acidic fraction with bromine 
water. 


containing, were then subjected to two-dimensional ascending paper chro- 
matography on Whatman No. 4 paper with the solvent systems of 5:1:5 
n-butyl alcohol-acetic acid-water and 75 per cent aqueous phenol. In 
some cases, n-butyl alcohol-water was used as the first solvent. After 
development of the ninhydrin color, the chromatogram was used as a guide 
to elute the peptide areas from similar undeveloped chromatograms. The 
eluates, after evaporation, were then hydrolyzed in 6 n HCl at 120° in an 
atmosphere of nitrogen for 16 hours and the constituent amino acids of the 
peptides were determined by two-dimensional paper chromatography. 
Leucine and isoleucine were differentiated in some cases according to the 
method of Work (10) with tert-amyl alcohol as the solvent. The results 
are given in Table I. 

In the case of the desulfurized oxytocin, the hydrolysis was continued 
for 8 days under the conditions already described and the products were 
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separated into neutral and acidic fractions. The results are summarized 
in Table IL. 

Partial Hydrolysis of Dinitrophenyl (DNP) Derivative of Large Degrada- 
tion Fragment—The large degradation fragment was obtained from per- 
formic acid-oxidized oxytocin by treatment with bromine water and sepa- 
rated by counter-current distribution as described previously (5). 10 mg. 
of this material were converted to the N-DNP derivative by treatment 
with dinitrofluorobenzene (DNFB) and the product was separated from 
salts by adsorption on tale (11). The colored band was eluted with an 
80:20 dioxane-water mixture. The eluate was lyophilized and heated 
under a reflux for a total of 15 hours with 2.5 ml. of 0.1 Nn HCl. After 
each 3 hour period, hydrolysis was interrupted and the solution was ex- 
tracted with ethyl acetate. The DNP derivative of the large fragment is 

















TABLE II 
Peptides from Acidic Fraction from Hydrolysis of Desulfurized Oxytocin 
Rr value 
Peptide area No.| n-Butyl. : Amino acid composition 
Phenol alcohol-acetic 
acid-water 
6 0.55 0.52 [Ala, Asp] 
7 0.26 0.25 [Ala, Asp, Glu] 
8 0.46 0.26 [Glu, Tleu] 
9 0.63 0.63 [Ala, Asp, Glu, Leu-Ileu] 








essentially insoluble in ethyl acetate; however, most of the yellow color 
was extractable by ethyl acetate after the first two periods. DNP-isoleu- 
cine and a high proportion of DNP-isoleucyl peptides were thus removed 
and from the aqueous layer the smaller peptides derived from the end 
furthest from the isoleucine residue were obtained. This study of the DPN 
heptapeptide fragment was particularly helpful since only one of the 2 
molecules of cysteic acid originally present in the performic acid-oxidized 
oxytocin was present and the leucine-isoleucine spot could be readily identi- 
fied as leucine, the isoleucine having been combined as the DNP derivative. 
The hydrolysate was then evaporated to dryness and fractionated on a 
column of Amberlite IR-4B into neutral and acidic components at pH 3.3. 
The acidic fraction was further fractionated at pH 2.6 into weakly acidic 
and cysteic acid peptides (12). The Rr values and amino acid composi- 
tion of peptides in the cysteic acid fraction are given in Table III. 

Edman Degradation—8 mg. of performic acid-oxidized oxytocin (3) were 
allowed to react with 4.8 yl. of phenyl isothiocyanate at a pH of approxi- 
mately 8.5. The procedure of Edman (6) was followed with the following 
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modifications. The white residue left after treatment with nitromethane- 
HCI solution was well dried over KOH and was dissolved in 1 ml. of water. 
An aliquot corresponding to 1.5 to 2.5 um was removed, concentrated 
in vacuo to dryness, and the residue was hydrolyzed in 1 ml. of 6 N HC! for 
12 to 16 hours in a sealed tube under nitrogen. The acid was then re- 
moved in vacuo and the sample was analyzed on the starch column (13) for 
residual amino acids. The pattern in the second column of Table IV 


TABLE III 


Peptides from Cysleic Acid Fraction from Hydrolysis of DNP Derivative of Large 
Degradation Fragment 























Rr value | 
Peptide area No.) _ ia n-Butyl ei Amino acid composition 
Phenol alcohol-acetic | 
acid-water | 
10 0.15 0.17 | Asp. Cysteic 
11 0.27 0.18 [Cysteic, Pro] 
12 0.61 0.44 | [Cysteic, Pro, Leu] 
13 | 0.65 0.53 [Cysteic, Pro, Leu, Gly] 
TaBLe IV 
Edman Degradation of Performic Acid-Oxidized Oxytocin (Molar Ratios) 
Amino acids Untreated Step 1 Step 2 Step 3 Step 4 
NT oo ee ea acha) sais & o.0S9- kn wae wo 1.00 1.00 1.00 1.00 1.00 
an ow igs Gee bad payee are 1.00 1.00 | 0.74 0.34 0.24 
Nee no tv aS hank see asdamet owes 0.93 0.69 0.17 0.10 
MIN ioc 5-5 cbatich Ona d0 6S aadlawn , 1.13 1.08 1.05 1.00 1.10 
Glutamic acid................ pice ok 1.03 1.03 0.97 0.90 0.55 
MN ite digs oo we chi 1.08 0.95 1.02 0.97 0.99 
Glycine............ eee 1.08 1.16 0.95 0.95 0.95 
a ES arth ileal Se 3.02 4.13 2.72 3.09 3.82 
ey i 1.12 1.13 1.06 0.95 





shows that approximately 1 mole of cysteic acid had disappeared from per- 
formic acid-oxidized oxytocin in Step 1. The remainder of the aqueous 
solution was lyophilized and again treated with phenyl isothiocyanate. 
The entire procedure with the removal of successive aliquots was repeated 
in this way three times. The results are given in Table IV. The nature 
of the phenylthiohydantoins that had been successively removed was es- 
tablished by hydrolysis in dilute barium hydroxide and identification of the 
resulting amino acids by paper chromatography. The results agree quali- 
tatively with the quantitative analyses obtained with the use of the starch 
column on the hydrolysates of the residues, although the yields were low. 
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DISCUSSION! 


In the following derivation, peptides obtained from the partial hydrolysis 
of native oxytocin, desulfurized oxytocin, and the sulfonic acid heptapep- 
tide obtained by degradation of performic acid-oxidized oxytocin with 
bromine water have been used. In the peptides derived from desulfurized 
oxytocin, an alanine residue obviously indicates the position of one-half 
the cystine residue in oxytocin. In the oxidized peptides a cysteic residue 
similarly corresponds to one-half of a cystine residue (CyS-), since the two 
cysteic acid residues are derived from the cystine residue in oxytocin. 

In Peptide 10, Asp.Cysteic, which was isolated from the acidic fraction 
of the hydrolysate of the dinitrophenyl derivative of the large fragment, 
the presence of a free amino group on the aspartic acid was indicated by 
the results from the application of the Sanger technique for end-group 
analysis (16). The composition of this peptide was confirmed in part by 
the isolation of Peptide 6 [Asp,Ala] from the partial hydrolysis of de- 
sulfurized oxytocin. The peptide, Asp.Cysteic, together with the three 
other peptides isolated in the same acidic fraction from the heptapep- 
tide, Peptide 11 [Cysteic,Pro], Peptide 12 [Cysteic,Pro,Leu], and Peptide 
13 [Cysteic,Pro,Leu,Gly], readily allowed the following sequence to be 
derived: 


Asp.Cysteic. Pro. Leu.Gly (I) 
and the corresponding sequence (I’) in oxytocin would then be 
Asp.CyS-.Pro.Leu.Gly (I’) 


This sequence is consistent with the composition of Peptide 1 [Pro,Leu,Gly], 
which was obtained from the neutral fraction of the hydrolysates resulting 
from the treatment of oxytocin with 1:1 acetic acid-12 n HCl mixture for 
6 days or with 0.25 oxalic acid at 110° for 15 hours. The same tripeptide 
was isolated also from the neutral fraction resulting when the dinitrophenyl 
derivative of the large fragment was hydrolyzed in 0.1 N HC! for 15 hours. 
It traveled on paper in the solvents n-butyl alcohol-acetic acid-water and 


1 The abbreviations used for the amino acids are those suggested by Brand and 
collaborators (14, 15). CyS- is used to indicate one-half of a cystine residue in a 
sequence. For the full cystine residue the representation CyS-SCy will be employed. 
To avoid confusion in peptides containing cysteic acid, the word itself instead of an 
abbreviation will be used. The convention is followed that, when peptides of known 
structure are referred to, the residues are joined by a period and that, in peptides of 
unknown sequence, the residues appear within brackets and are separated by com- 
mas. The amino acid appearing at the left in a known sequence is that bearing a free 
amino group. In discussing sequences in the performic acid-oxidized oxytocin, 
Roman numerals will be used. For the corresponding sequences arrived at for oxy- 
tocin, Roman numerals with a prime designation will be used. 
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phenol just behind free leucine and isoleucine and was separated from the 
latter two amino acids with tert-amy] alcohol as a solvent. 
When Peptide 5 [Cysteic,Asp,Glu] is considered, sequence (I) becomes 


Glu. Asp.Cysteic.Pro.Leu.Gly (II) 


Sequence (II) is also consistent with the composition of Peptide 7 
[Ala,Asp,Glu] isolated from the hydrolysate of desulfurized oxytocin and 
with that of Peptide 4 [CyS-SCy,Asp,Glu] isolated from the hydrolysate of 
oxytocin. The corresponding sequence (II’) in oxytocin would be 


CyS 
(I1’) 
Glu. Asp.Cy8.Pro.Leu.Gly 
Peptide 8 from the desulfurized oxytocin contained only isoleucine and 
glutamic acid and therefore the sequence (III’) may be derived. 


CyS 
(III) 
Tleu.Glu. Asp.CyS.Pro.Leu.Gly 
Peptide 3 [Tyr,CyS-SCy,Asp,Glu] obtained from oxytocin differed from 
Peptide 4 only by the additional presence of tyrosine and therefore the se- 
quence (IV’) follows: 


[CyS, Tyr] 
(IV’) 
Ileu.Glu. Asp.CyS.Pro.Leu.Gly 

In Peptides 2 and 9, which were isolated from the hydrolysates of oxy- 
tocin and desulfurized oxytocin, respectively, the differentiation between 
leucine and isoleucine was not made. However, with the assignment of 
isoleucine, Peptide 2 becomes [Tyr,CyS-SCy,Asp,Glu,Ileu] and Peptide 9 
becomes [Ala,Asp,Glu,Ileu]. These could both be explained by sequence 
(IV’). 

In a previous study in this laboratory, by use of the dinitropheny] tech- 
nique for end-group analysis, it was found that only one of the two cysteic 
acid residues in performic acid-oxidized oxytocin carried a free amino group 
(5), and from these results it was deduced that in oxytocin one-half of the 
cystine moiety possesses a free amino group if it is assumed that no re- 
arrangement had occurred in the performic acid oxidation. Evidence was 
also offered that this residue is linked through its carboxyl group to the 
amino group of tyrosine (5). On this basis the partial sequence (V’) for 
oxytocin follows. 


CyS.Tyr 


(v’) 
Ileu.Glu. Asp.CyS.Pro.Leu.Gly 
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Although no peptide was separated from the hydrolysates of either 
oxytocin or desulfurized oxytocin which would indicate clearly a linkage 
between tyrosine and isoleucine, a linkage between these two amino acids 
has been considered likely on the basis of the results of a study of the 
treatment of performic acid-oxidized oxytocin with bromine water (5). It 
was shown that performic acid-oxidized oxytocin was degraded by the ac- 
tion of bromine water into two fragments. One fragment was identified as 
s-sulfoalanyldibromotyrosine; the other contained the seven remaining 
amino acids in a fragment in which isoleucine now possessed a free amino 
group. It appeared reasonable to assume that the cleavage by bromine 
water into these two fragments was the result of a cleavage of a tyrosine- 
isoleucine bond involving the amino group of isoleucine, and the sequence 
Cysteic.Tyr.Ileu was suggested. To make more certain that a Tyr.Ileu 
linkage exists in the molecule, the Edman degradation has been applied to 
performic acid-oxidized oxytocin. The results from the analysis on the 
starch column of the hydrolysates of the residues remaining after each of 
four applications of the Edman reaction are given in Table IV. It can be 
seen that approximately 1 mole of cysteic acid has been removed in the first 
application of the Edman reaction to performic acid-oxidized oxytocin. In 
Step 2 the disappearance of tyrosine is almost complete and a small amount 
of isoleucine has been removed. Step 3 of the Edman reaction results in 
the further disappearance of isoleucine, and in Step 4 the loss of consider- 
able amounts of glutamic acid is apparent. Thus independent evidence 
for the sequence Cysteic.Tyr.Ileu.Glu for the amino end of performic acid- 
oxidized oxytocin is afforded. 

With a linkage between tyrosine and isoleucine, the sequence (VI’) of 
oxytocin then would follow: 





a, (VY) 
CyS.Tyr.Ileu.Glu.Asp.CyS.Pro.Leu.Gly 
Thus oxytocin would be an octapeptide involving a cyclic pentapeptide 
containing cystine with one-half of the cystine moiety possessing a free 
amino group and with the carboxyl group adjacent to the latter joined to 
the amino group of tyrosine. The other half of the cystine residue would 
be connected through its amino group to aspartic acid and would be linked 
through its carboxyl group to the tripeptide prolylleucylglycine. 

In order to derive a structure for oxytocin based on this sequence, one 
would then have to establish the source from which the 3 moles of ammonia, 
which are found in a hydrolysate of oxytocin, are derived. Also remaining 
to be established are whether it is the a- or y-carboxyl group of glutamic 
acid and the a- or 8-carboxy! group of aspartic acid which are involved in 
peptide linkage. 
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Tentatively, it would seem logical to assume that 2 moles of ammonia 
are derived from amide linkages involving the carboxy] groups of glutamic 
acid and aspartic acid. Some evidence has been derived that glycine in the 
terminal position may also carry an amide grouping accounting for the 
third mole of ammonia. It has been shown that oxytocin, when treated 
with 1 n HCl at 90—100° for 1 hour, loses approximately 1 mole of am- 
monia.2 Oxytocin so treated has therefore been subjected to the thio- 
hydantoin carboxyl end-group determination (17, 18). By use of paper 
chromatography on the hydrolysate of the thiohydantoin obtained, glycine 
was obtained in good yield along with a trace of leucine. Oxytocin itself 
gave a negative result. 

Moreover, it has been shown that oxytocin is not inactivated or cleaved 
by carboxypeptidase? It might also be pointed out that the isoelectric 
point of oxytocin has been found to agree with that to be expected of a 
compound possessing one free amino group and one free phenolic group 
(19, 20). 

On the basis of the evidence so far obtained and with the assumptions 
for the positions of the amide groups, and with the further assumption that 
glutamine and asparagine moieties are present rather than their isomers, 
we would propose as a working hypothesis the accompanying structure for 
oxytocin.’ 


Cg HOH Colts 
NH Cy 9 CH-Cit3 
CHy = CH oC oo MI CH oe C — NH CH 
.~ | 
s Cz0 
1 | 
Ss NH 
| Q 9 | 
Cy — CH —NH —C —CH — NH — C— Cit - (City) 9—CONH, 
} 0 CHo 
s Baws 
| CONH 
Cy Nw, 2 9 
ch — €-Ni-CH=-€ = NH -Cily —CONH, 
CH —CHy CHly 
CH(CH3) 5 
SUMMARY 


On the basis of partial hydrolysis studies on oxytocin, desulfurized oxy- 
tocin, and the large fragment obtained by treating oxytocin with bromine 
water, along with other data and certain assumptions, a tentative structure 


? Taylor, S. P., Jr., and du Vigneaud, V., unpublished data. 
3 Evidence so far obtained in this laboratory would indicate that the amino acids 
present in oxytocin are of the ut configuration. 
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has been proposed for oxytocin, the principal uterine-contracting and milk- 
ejecting hormone of the posterior pituitary. 
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THE PREPARATION AND PROPERTIES OF SOME 
PLANT VIRUS NUCLEIC ACIDS* 


By ROBERT W. DORNER anp C. A. KNIGHT 
(From the Virus Laboratory, University of California, Berkeley, California) 


(Received for publication, June 15, 1953) 


The mild methods which recently have been employed for release of 
nucleic acid in quantity from two viral nucleoproteins are based on either 
heat or alcohol denaturation of the proteins (1-3). It was of theoretical 
and practical interest to see whether these or any other methods would be 
generally suitable for release and isolation of nucleic acid from different 
plant viruses. For this purpose, attempts were made to prepare sub- 
stantial amounts of nucleic acid from highly purified preparations of each 
of three viruses, tomato bushy stunt virus (BS), southern bean mosaic 
virus (SBM), and potato virus X (PX), also called potato latent mosaic 
virus. The nucleic acids from SBM and PX have not previously been 
isolated in quantity and characterized, although it has been demonstrated 
that they could be separated by a variety of means from their nucleopro- 
tein combinations (4). The nucleic acid from BS has been isolated by 
the relatively harsh alkaline cleavage method of Johnson and Harkins 
(5, 6), but the preliminary data regarding the nucleotide proportions were - 
not obtained on such preparations but rather on hydrolysates of whole 
virus (2). 

The molar proportions of the purine and pyrimidine bases have been 
determined for the nucleic acids of sixteen strains of tobacco mosaic virus 
(TMV) (1, 7, 8), for cucumber viruses 3 and 4 (1, 8), tomato bushy stunt 
virus (2), turnip yellow mosaic virus (2), and several bacteriophages (9). 
The results of these analyses are consistent with the hypothesis that the 
nucleotide composition of a viral nucleic acid is characteristic of the species; 
in other words, the nucleic acid compositions of unrelated viruses are 
demonstrably different, whereas those of strains of a virus are indistin- 
guishable. However, it is apparent that more examples are required to 
test this concept rigorously. Some new data are provided in the results of 
the present study. 


Materials and Methods 


Viruses—The common strains of BS (6) and SBM (10) and the ring 
spot strain of PX (11) were used. The three viruses were prepared es- 


* Taken from a thesis submitted by Robert W. Dorner in partial fulfilment of the 
requirements for the degree of Doctor of Philosophy, University of California, 1953. 
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sentially by centrifugation methods. Difficulties with pigmentation were 
encountered in the case of SBM, and difficulties with aggregation in the 
case of PX. With some modifications, the methods recommended in the 
literature (12-15) to surmount these difficulties permitted the preparation 
of highly purified virus preparations. 

Although it seemed unlikely that the virus preparations would contain 
ribonuclease, they were tested for ribonuclease activity by the method of 
Pardee and Williams (16). No significant difference between the reagent 
blank and the virus preparation could be detected in each instance, and 
hence it may be concluded that the preparations were devoid of ribonu- 
clease activity. 

Evaluation of Methods for Releasing Nucleic Acid from Virus—Four 
criteria were used to evaluate a method of separating nucleic acid (NA) 
from the virus: (1) Yields were determined on the NA fractions by reading 
the ultraviolet absorption at 260 my in a Beckman DU spectrophotometer. 
Readings were made directly, after dialysis against distilled water for 15 
to 24 hours, and, following dialysis, on the supernatant fluids after high 
speed centrifugation in a Spinco model L centrifuge for 1 hour (average 
centrifugal force, 114,000 X g). (2) Absence of protein, as determined 
by the biuret test in the form used by Smith and Markham (17); (3) com- 
parative uniformity of particle size in the NA fraction, as judged from 
the sedimentation pattern in a Spinco model E analytical centrifuge; and 
(4) relatively high viscosity of the NA fractions, as determined in an 
Ostwald viscometer. 

Several methods for separating NA from protein were tried on BS, 
although many of them appeared too drastic to have much promise. 
Among the methods tried was treatment with acids (18, 19), bases (5, 
20), alcohol (2), detergents (21-23), proteolytic enzymes (14, 24), sonic 
vibration (25), heat and cold (21), salt (3), butanol and chloroform (26, 
27), guanidine hydrochloride (28), and condensed gases at low tempera- 
ture. Only two methods gave reasonable yields, freezing and thawing 
for 60 cycles followed by salting-out of the protein, and treatment with 
Duponol C at 100° followed by salting-out of the protein. The freezing 
and thawing method gave a highly inhomogeneous product and was there- 
fore abandoned, whereas the Duponol C method gave satisfactory results 
according to the criteria set up. A similar method described by Bawden 
and Pirie (20), in which lower temperatures are employed, did not in our 
hands give satisfactory yields of NA. 

Fewer methods were tried in the case of SBM; namely, treatment with 
alcohol, heat and cold, Duponol C, and salt. Two methods gave reason- 
able yields, treatment with 2.5 n sodium chloride at 80° for 30 minutes, 
and treatment with Duponol C at 100°, followed by salting-out of the 
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protein. The product of the salt method proved to be less homogeneous 
and less viscous than that of the Duponol C method, which was chosen for 
the large scale preparation of SBM-NA. 

In the case of PX, treatment with ethanol, proteolytic enzymes, Duponol 
C, and salt was tried. Two methods gave reasonable yields, treatment 
with 1.5 N sodium chloride at 80° for 1 hour, and treatment with Duponol 
C at 100°, followed by salting-out of the protein. By all four criteria, the 
two methods were about equivalent, and both products showed inhomo- 
geneity in particle size and contained small amounts of protein. The 
Duponol C method was chosen arbitrarily for the preparation of a large 
batch of PX-NA. 

Preparation of Nucleic Acid from BS, SBM, and PX—Duponol C solu- 
tion was added to virus solution so that each ml. of reaction mixture con- 
tained, respectively, 10 mg. of Duponol C and 15 mg. of BS, 16 mg. of 
Duponol and 7 mg. of SBM, and 2.5 mg. of Duponol and 1.5 mg. of PX. 
Each mixture was heated in centrifuge tubes in batches of about 40 ml. 
in a boiling water bath for 4 minutes, and was then chilled in an ice bath, 
after which it was dialyzed against several changes of distilled water for 
4 hours. The dialyzed preparation was made 1 Nn with respect to sodium 
chloride by adding an appropriate amount of 5 N sodium chloride solution, 
and heated at 100° for 3 minutes. After chilling in an ice bath, the protein 
precipitate was centrifuged off and washed several times with hot 1 N 
sodium chloride, and the combined supernatant fluids and washings were 
dialyzed against several changes of distilled water for 15 to 24 hours. In 
the cases of SBM and PX, it was found necessary to repeat the precipita- 
tion of protein with 1 N salt after concentration of the solution to about 
30 ml., and to dialyze for another 15 to 24 hours. In all three cases the 
dialyzed preparation was concentrated 20- to 70-fold by directing a stream 
of air at the solution held in a cellophane bag; the concentrate was then 
run in a Spinco model L centrifuge at 40,000 r.p.m. (average centrifugal 
force of 114,000 X g) for 1 hour. A small pellet of denatured protein 
was usually obtained here, and from it was removed the clear supernatant 
fluid containing the NA. Subsequent tests were made either on the re- 
sulting nucleic acid solutions or on the lyophilized preparations. 

Estimation of Protein Impurities—The sensitive variation of the biuret 
test described by Smith and Markham (17) was used to detect protein in 
BS-NA and PX-NA. The amount of protein was roughly estimated by 
comparison with a gelatin solution of known concentration. With SBM- 
NA, an intense yellow color developed and precluded the use of this 
test. In this case the amount of protein was determined by the ninhydrin 
method of Moore and Stein (29) after hydrolysis in 2.7 n hydrochloric 
acid at 120° for 15 hours. Since it has been suggested that some glycine 
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may be formed from decomposition of purines during acid hydrolysis of 
NA (17), the values calculated from the ninhydrin test are probably high. 
In any case, the results from the above tests indicated that there was 
less than 2 per cent protein in BS-NA and less than 4 per cent in SBM-NA. 
The PX-NA contained about 5 per cent protein. 

Phosphorus Recoveries—The distribution of P in the different fractions 
was determined by Nakamura’s (30) adaptation of the method of King 
(31). If the method of Nakamura was used in its original form, a trouble- 
some precipitate formed, which could be prevented by reducing the amount 
of aminonaphtholsulfonic acid to one-half. 

From 67 to 87 per cent of the P in the virus was recovered in the final 
NA preparation, from 1.5 to 10 per cent was found in the protein precipi- 
tate, and up to 14 per cent in washings of the precipitates and in the high 
speed centrifugation pellets. 

Physical Data—Single determinations of viscosity and sedimentation 
constant were made by Dr. H. K. Schachman. Viscosity values (n.,./C 
where 75,. is the specific viscosity and C is the concentration in gm. per ml.) 
of 155, 77, and 72 for the nucleic acids of BS, SBM, and PX, respectively, 
were obtained, and the corresponding sedimentation constants were 2.9, 
6.6, and 2.0 S. 

Nitrogen and Phosphorus Analyses—Analyses made by the Dumas 
method (Elek Micro Analytical Laboratories, Los Angeles) indicated ni- 
trogen contents of 14.6, 14.3, and 7.9 per cent for BS-NA, SBM-NA, and 
PX-NA, respectively. The phosphorus analyses were made by the method 
of King (31), and gave 7.9, 8.4, and 3.3 per cent, respectively. Both N 
and P analyses were made on the lyophilized NA, which was dried to 
constant weight at 110° in vacuo over POs. 

Nucleotide Ratios—The nucleotide ratios were determined by the method 
of Markham and Smith (2, 17), except that no corrections were made for 
the small amount of hydrolysis of pyrimidine nucleotides reported by 
them; also, the analytical values reported do not take into account the 
slightly different molecular extinctions of isomers a and b of the nucleo- 
tides. Ascending paper chromatography with a solvent of tertiary buta- 
nol, hydrochloric acid, and water was used for the separation of the bases 
and nucleotides, and the eluates of the spots were compared spectrophoto- 
metrically with the eluates of spots obtained with a standard mixture of 
known composition. The results are expressed in Table I in terms of 
molar proportions of the constituent nucleotides calculated to an arbitrary 
total of 4 (8). Standard deviations of the individual values from the 
averages given in Table I were about 0.02. The agreement between the 
analyses performed on whole virus and on the isolated NA was satisfactory, 
which was considered to be an indication that the NA samples obtained 
are representative of the whole NA. 
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Nucleotide Composition of Nucleic Acids from Tomato Bushy Stunt Virus, Southern 
Bean Mosaic Virus, and Potato Virus X 
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Fic. 1. Ultraviolet absorption spectra of aqueous solutions of the purified viruses 


and their respective nucleic acids, calculated per mole of P. 


@, tomato bushy stunt 


virus; O, its nucleic acid; ™, southern bean mosaic virus; 0, its nucleic acid; A, 
potato virus X; A, its nucleic acid. 
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Purine-Bound Sugar—The sugar component was determined in the NA 
after hydrolysis with 1 n hydrochloric acid at 100° for 1 hour. This 
method of hydrolysis liberates essentially only the purine-bound sugar. 
The qualitative identification of the sugar was made with ascending paper 
chromatography by using a solvent mixture of ethyl acetate, water, and 
pyridine (2:2:1) (32). Aniline oxalate was sprayed on the papers to 
develop the spots (32). In BS-NA and SBM-NA, only ribose was found 
in addition to the faint spots caused by nucleotides and bases. The sen- 
sitivity of the method was such that, at the concentration used (20 mg. of 
NA per ml.), the presence of as little as 5 per cent of added arabinose, 
lyxose, or xylose could be detected. In the case of PX-NA, glucose, esti- 
mated to be about 10 per cent of the total sugar, was found in addition to 
ribose. The zine chloride-iodine and simple iodine reactions were nega- 
tive, showing the absence of substantial amounts of cellulose and starch, 
but not excluding the presence of small amounts. Further tests will be 
required to establish the nature of the glucose constituent. 

Ultraviolet Absorption Spectra—The ultraviolet absorptions of samples 
of virus and isolated NA of equivalent phosphorus content were deter- 
mined in a Beckman model DU spectrophotometer and are plotted in 
Fig. 1. The extinction coefficients at 260 mp were determined for aqueous 
solutions of NA, 4 X 10° m with respect to P, and at pH 5 to6. The cal- 
culated coefficients per mole of P were 9000 for BS-NA, 8400 for SBM-NA, 
and 8800 for PX-NA. These values are in reasonable agreement with a 
value of 8500 calculated from Markham and Smith’s data (2) for the NA 
of turnip yellow mosaic virus, and the figure of 9600 obtained on an aque- 
ous solution of tobacco mosaic virus nucleic acid at pH 6.6. 


DISCUSSION 


The nucleic acids of BS and SBM were obtained in preparations contain- 
ing probably much less than 4 per cent impurities, whereas the best prepa- 
rations of PX-NA still contained approximately 5 per cent protein, 1.5 
per cent carbohydrate other than ribose, 2.5 per cent of free detergent, 
and, from the low P and N values, as much as 30 per cent more impurity of 
some sort. The latter is assumed to be detergent in a complex with the 
NA, but insufficient material was available to determine the amount of 
such bound detergent. However, none of these impurities seemed to in- 
terfere with the determination of nucleotide ratios, as judged by a com- 
parison of the analytical results obtained on the whole virus and on the 
isolated NA. 

The finding of glucose in the PX-NA hydrolysate is of some interest. 
Loring (15) reported the presence of carbohydrate in PX in excess of the 
quantity required by the phosphorus present, and suggested that this 
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extra carbohydrate was a part of the virus rather than an impurity. How- 
ever, the carbohydrate is now generally viewed as a tenacious impurity. 

The results of the present experiments have served to emphasize the 
individuality of viruses, especially with respect to the bonds which couple 
nucleic acid and protein. It appears now that the very mild methods for 
separation of viral nucleic acids can be expected to work only in a limited 
number of cases. On the other hand, somewhat less mild methods, such 
as the detergent technique described here, may find rather general applica- 
tion. Furthermore, it is interesting that the physical properties of the 
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Nucleotide Composition of Some Viral Nucleic Acids 
Molar ratios of nucleotides calculated 
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* Turnip yellow mosaic virus. 
+ Possibly hydroxymethyleytidylic acid. 
t Knight, C. A., and Fraser, D., unpublished data. 


nucleic acid preparations studied here are comparable to those of TMV-NA 
obtained by the gentle heat-denaturation method. 

The results obtained here in thirty-two analyses of the nucleotide com- 
position of tomato bushy stunt nucleic acid agree fairly well with the pre- 
liminary results reported by Markham and Smith (2), with the exception 
of the value for adenylic acid. This discrepancy might be explained by 
the fact that Markham and Smith made their analyses on the whole virus 
rather than on isolated nucleic acid, although in the present study, as 
may be seen in Table I, the values obtained on whole virus and on isolated 
nucleic acid agreed satisfactorily for all three of the viruses analyzed. An- 
other possibility lies in the fact that Markham and Smith’s values were 
corrected for partial hydrolysis of cytidylic acid whereas ours were not. 
This correction can affect the adenylic acid values as well as those for 
cytidylic acid, since partial hydrolysis of cytidylic acid yields cytidine, 
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which, in chromatography with tertiary butanol-0.8 n HCl, overlaps 
the adenine spot, resulting in a spuriously high reading for the latter. In 
any case, the significant point, as illustrated in Table II, is that the nucleo- 
tide compositions of BS-NA, SBM-NA, and PX-NA differ distinctly from 
each other and from other viral nucleic acids which have been analyzed. 
Thus, these results appear to strengthen the hypothesis that the nucleic 
acids of unrelated viruses have significantly different compositions. Par- 
ticularly striking is the high proportion of adenylic acid found in PX-NA. 
Equally pronounced is the extraordinary quantity of cytidylic acid re- 
ported by Markham and Smith for the nucleic acid of turnip yellow mosaic 
virus (2). With the demonstration of these extremes in values, the iden- 
tical compositions found for the nucleic acids of sixteen diverse strains of 
TMV (1, 7, 8) become increasingly impressive. 


The authors wish to thank Dr. W. C. Price for the initial samples of SBM 
and PX and Dr. H. K. Schachman for sedimentation and viscosity deter- 
minations on different samples of NA. 


SUMMARY 


Nucleic acid preparations were obtained from tomato bushy stunt, south- 
ern bean mosaic, and potato X viruses by a method based on treatment of 
the viruses with Duponol for 4 minutes at 100°, followed by salting-out of 
the protein. Eleven other methods were tried but gave unsatisfactory 
yields of nucleic acid. Various properties of the isolated nucleic acids were 
determined with particular emphasis on the nucleotide ratios, which were 
determined on hydrolysates of the nucleic acids and of the whole virus by 
use of paper chromatography and ultraviolet spectrophotometry. 

The nucleotide composition of each of the three nucleic acids was found 
to differ from the others and from other previously analyzed nucleic acids 
reported in the literature. The purine-bound sugar of each nucleic acid 
was identified as ribose. 
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In a previous publication of this series (1), evidence was presented to 
show that as much as 50 per cent of the total soluble protein contained in 
the leaves of several plant species consists of a protein component that is 
apparently homogeneous by sedimentation and electrophoretic criteria. 
This component, designated as Fraction I protein, is easily identified in 
the analytical ultracentrifuge because its sedimentation constant of about 
19 Svedberg units (19 S) is much greater than that of any of the other 
soluble protein components of normal cytoplasm. The present commu- 
nication is concerned with the isolation and further chemical and phys- 
icochemical characterization of the Fraction I protein component. By 
means of simple centrifugal procedures it is possible to isolate Fraction I 
protein in large yield and in a state of about 95 per cent purity as judged 
by analysis in the analytical ultracentrifuge. Chemical characterization 
of this material demonstrates that it is a nucleoprotein. 


Materials and Methods 


Plant Material—Two varieties of Nicotiana tabacum, Turkish and Mary- 
land Mammoth, were grown in the Earhart air-conditioned greenhouse 
under conditions previously found to be optimal for growth. Spinach 
(Spinacia sp.) was secured from a local market. Only well expanded 
leaves free of pathological symptoms were used, and the midribs and 
petioles were removed prior to maceration of the tissue and extraction of 
the proteins. 

Preparation and Fractionation of Leaf Protoplasm—The method of prep- 
aration and fractionation was essentially the same as that described pre- 
viously (1, 2). The leaf tissue was disrupted in a cold Eppenbach colloid 
mill, 2 parts by weight of leaves to 1 part of 0.5 m KOH-maleate buffer, 


* This work was supported in part by grants from the United States Public Health 
Service, The National Foundation for Infantile Paralysis, Inc., and the Atomic 
Energy Commission. 

+ Present address, Chemistry Department, Yale University, New Haven, Con- 
necticut. 

t Present address, Botany Divisior, University of California at Los Angeles. 
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pH 7.0, as a dispersion medium being used. This procedure yields a cell- 
free protoplasmic extract of pH 6.7 to 6.8, a pH which prevents denatura- 
tion of the cytoplasmic proteins which might otherwise arise from the mix- 
ing of the acid vacuolar contents of the cell with the cytoplasm. 

The particulate matter was removed from the protoplasmic extract by 
centrifugation for 1 hour at 25,000 r.p.m. in the No. 30 rotor of a Spinco 
model L preparative centrifuge and the resulting supernatant solution was 
used for further analysis. Unless this centrifugation could be performed 
immediately after grinding, the protoplasmic extract was quick-frozen and 
stored in a deep freeze to minimize enzymatic changes in the protein. 

Estimation of Protein Content—2 volumes of ice-cold 1.0 N trichloroacetic 
acid (TCA) were added to aliquots of the protein solution estimated to 
contain 10 to 30 mg. of protein and the mixture was held for 18 to 24 hours 
in an ice bath. The precipitated protein was removed by centrifugation 
at 2°, washed twice with 0.5 n TCA, and then dried to constant weight 
at 105°. 

Estimation of Trichloroacetic Acid-Precipitable Phosphorus (TCA-P)— 
Determination of the amount of phosphorus precipitated with protein 
was carried out on aliquots precipitated with TCA as for protein estima- 
tion, except that the precipitate was centrifuged and washed after standing 
only 3 to 6 hours. The shorter precipitation time is necessary because it 
was found that even at 0° detectable amounts of TCA-P were removed from 
the protein if the precipitate was allowed to remain in contact with TCA 
for 8 hours, and that as much as 10 to 15 per cent was removed in 24 hours. 
The washed precipitates (or suitable aliquots of the protein solution if 
total P was being determined) were digested with 60 per cent perchloric 
acid and the inorganic phosphorus released was determined according to 
the method of Allen (3). 

Uliracentrifugal and Electrophoretic Analysis—The equipment and pro- 
cedures used were the same as those described previously (1). The pH 
of the buffers was determined with a glass electrode at 22-26°. Equilib- 
rium dialysis for both types of analyses was performed at 2°. Electrophore- 
sis experiments were conducted at 1.8° and ultracentrifugal analyses at 
20-25°. 


EXPERIMENTAL 


Partial Purification of Fraction I Protein by (NH4)2SO4 Precipitation— 
As previously noted (4), about 70 to 80 per cent of the total protein in cyto- 
plasmic protein solutions can be precipitated by 0.4 saturated (NH,).SO, 
and completely redissolved in a neutral buffer. However, examination 
of the salt-precipitated fraction in the analytical ultracentrifuge indicated 
that only about 70 per cent of the redissolved protein consisted of the 198 
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component, and repeated reprecipitation with (NH,).SO, failed to in- 
crease the proportion of this component appreciably. Consequently, a 
physical method for the isolation of Fraction I protein was developed. 

Purification of Fraction I Protein by Preparative Ultracentrifugation— 
Since Fraction I protein constitutes a large part of the total cytoplasmic 
proteins and possesses a sedimentation constant considerably greater than 
the other proteins of cytoplasm, it is possible to achieve partial purifica- 
tion of the protein by high speed centrifugation. The following procedure 
has resulted in Fraction I protein preparations of approximately 95 per 
cent purity from tobacco, spinach, and pea leaves, as judged by their be- 
havior in the analytical ultracentrifuge. 

Approximately 1 per cent solutions of cytoplasmic proteins are cen- 
trifuged at 40,000 r.p.m. for 45 minutes in the No. 40 rotor of a Spinco 
preparative centrifuge. The rotor is precooled to 0° and the centrifuge 
refrigerator set to maintain the temperature of the rotor chamber at about 
—20°. The small pellet which forms during this first centrifugation, con- 
stituting less than 5 per cent of the total cytoplasmic proteins and often 
containing traces of green matter, is discarded and the supernatant solu- 
tion centrifuged for 2.5 hours at 40,000 r.p.m. A pellet containing 20 to 
35 per cent of the total cytoplasmic proteins is deposited during this second 
centrifugation. The supernatant solution is discarded and the pellet dis- 
solved in 1 to 2 ml. of 0.1 » KOH-maleate buffer, pH 7.0, at 0°. The 
pellet will dissolve in about 4 hours if the centrifuge tube is inclined to 
about a 20° angle and gently agitated on a mechanical shaker. The slight 
amount of material which fails to redissolve is removed by a low speed 
centrifugation and discarded. This completes the first fractionation cycle. 

The redissolved protein is again centrifuged for 2 hours at 40,000 r.p.m. 
The supernatant solution is discarded and the pellet dissolved in 0.1 u 
buffer as before. The small amount of protein which fails to redissolve is 
removed by a low speed centrifugation and discarded. The resulting 
clear, amber to brown colored, non-opalescent Fraction I protein solution 
contains about 70 to 80 per cent of the protein which dissolved after the 
first cycle of centrifugation. 

As shown in Fig. 1, two centrifugal treatments are sufficient to prepare 
Fraction I protein solutions containing only about 5 per cent of low molecu- 
lar weight components (Fig. 1, B) from spinach leaf cytoplasm which 
initially contained approximately 60 to 70 per cent low molecular weight 
material (Fig. 1, A). Further purification of Fraction I protein by cen- 
trifugation has not been successful because a large proportion of a pellet 
sedimented three times fails to redissolve. 

The process of purifying Fraction I protein from tobacco leaf cytoplasm 
has been followed in detail by electrophoretic and by ultracentrifugal 
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analysis as shown in Figs. 2 and 3. Fig. 2, A is an electrophoretic scanning 
pattern of tobacco cytoplasmic proteins in 0.1 » NaCl-Na cacodylate 
buffer, pH 7.20. Under these conditions there is little separation of the 
components known from ultracentrifugal analyses to be present in cyto- 
plasm. The electrophoretic pattern of twice sedimented Fraction I pro- 
tein solutions, however, shows a much sharper and more symmetrical 
peak than that obtained with the unfractionated proteins. The calculated 
mobility of the principal component of cytoplasm is —5.25 & 10- and 
of purified Fraction I protein solutions is —5.15 & 10-5 em.? volt! see-. 

Ultracentrifugal patterns of these same solutions are presented in Fig. 
3, A and C, respectively. Fig. 3, B is the pattern of the supernatant 
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Fic. 1. Analytical ultracentrifuge patterns of a typical spinach whole cytoplasm 
(A) and the Fraction I protein preparation made from it (B). The arrows indicate 
the 19S, Fraction I protein component. The direction of sedimentation is from left 
to right. The time in seconds after reaching the rotor speed of 50,220 r.p.m. is indi- 
cated in the upper right corner of each diagram. A, 0.3 m KOH-maleate buffer, pH 
6.9; 13.0 mg. of protein per ml. B, KOH-maleate buffer, pH 7.5, 0.1 u; 4.0 mg. of 
protein per ml. 


solution remaining after the first 2.5 hours of centrifugation to remove 
Fraction I protein as a pellet. The depletion of the 19 S component rela- 
tive to the trailing, lower molecular weight components is evident. The 
degree of purification of the 19 S component with respect to low molecular 
weight material accomplished in the Fraction I protein preparation illus- 
trated by the pattern in Fig. 3, C is about the same as that achieved with 
spinach (Fig. 1, B). With tobacco leaves there is, however, a very notice- 
able increase in the amount of components heavier than Fraction I pro- 
tein and, in this instance, one component not apparent in whole cytoplasm 
has appeared. Evidence that the components heavier than Fraction I 
protein are aggregates of the 19 S component which are formed during 
centrifugation will be considered next. 

Components of Larger Sedimentation Constant Than Fraction I Protein— 
In a previous survey of the soluble cytoplasmic proteins contained in the 
leaves of eight species of plants, a small percentage of a component sedi- 
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menting faster than Fraction I protein was found in four species (tomato, 
Turkish tobacco, pea, and gherkin) (1). In no case was more than one 
component which sedimented more rapidly than Fraction I protein found 
in whole cytoplasm; yet, in every instance, twice sedimented Fraction I 
protein preparations obtained from any species have contained at least 
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Fic. 2 Fic. 3 

Fic. 2. Electrophoretic diagrams of tobacco cytoplasmic proteins (A) and Frac- 
tion I protein (B) isolated by high speed centrifugation. Proteins equilibrated 
against NaCl-Na cacodylate buffer, pH 7.20, 0.1 u. Protein concentration is 5.50 
and 4.85 mg. per ml. in A and B, respectively. Only descending boundaries are 
shown. The time of migration in minutes is given to the right of each diagram; the 
arrows indicate the starting boundary. 

Fic. 3. A typical series of analytical ultracentrifuge patterns illustrating the 
course of fractionation of tobacco cytoplasmic proteins by high speed centrifugation. 
Rotor speed 50,220 r.p.m. A, whole cytoplasm before centrifugation; NaCl-Na caco- 
dylate buffer, pH 7.1, 0.1 uw; 5.0 mg. of protein per ml. B, supernatant solution 
remaining after first centrifugation cycle; same buffer asin A; 5.6 mg. of protein per 
ml. C, twice sedimented Fraction I protein solution; KOH-maleate buffer, pH 7.5, 
0.1 «4; 5.0 mg. of protein per ml. A and C used for electrophoretic analysis (Fig. 2). 


one component which sedimented more rapidly than 198. All Fraction I 
protein preparations made from cytoplasms of Turkish and Maryland 
Mammoth tobacco, which have been studied most extensively, have con- 
tained at least two components which sediment more rapidly than does 
Fraction I protein itself. Sedimentation diagrams of several typical prep- 
arations are shown in Fig. 4, A and B. More rarely, preparations which 
contain three or more components heavier than the Fraction I protein are 
observed. The ultracentrifugal analysis of one such preparation is illus- 
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trated by the diagrams reproduced in Fig. 4, C. Since these faster sedi- 
menting components were not present in the original cytoplasmic prepara- 
tions, we believe that the following arguments support the conclusion that 
they are aggregates of the 19 S component which arise from centrifugal 
packing of protein molecules. 

During the initial survey of cytoplasmic proteins cited above (1), no 
component with a sedimentation constant greater than 19 S was ever 
observed in spinach cytoplasm. This observation has been confirmed in 
the present work even when spinach cytoplasm was examined in the ultra- 
centrifuge at concentrations as high as 1.5 per cent total protein. How- 
ever, as may be seen in Fig. 1 and in Table I, there is a small amount of a 
26 S component contained in Fraction I protein solutions prepared from 
spinach. That this 26 S material did not appear as the simple result of 
centrifugal enrichment of a small amount of the same material, which was 
initially present in the whole cytoplasm in a concentration too low to be 
detected in the ultracentrifugal analysis, is evident from the following 
consideration. 

As little as 0.1 mg. per ml. of the 26 S component can be detected by 
ultracentrifugal analysis of Fraction I protein preparations. Failure to 
find the 26 S component in spinach whole cytoplasm solutions at a total 
protein concentration of 15 mg. per ml. suggests that the 26 S component 
constitutes less than 1 part in 150 parts of total protein in such prepara- 
tions. Therefore, the ratio of 19S protein to 26S protein must be greater 
than 75:1 in cytoplasmic protein solutions containing about 50 per cent 
Fraction I protein. From the ratios of the sedimentation constants and 
the relative compositions, calculation reveals that simple enrichment of the 
26 S protein during two cycles of centrifugation of such a mixture should 
result in a preparation containing not more than 1 part of 26S protein to 
59 parts of 19 S protein. However, measurement of areas shows the 
presence of approximately 1 part of 26 S protein to 10 parts of 19 § pro- 
tein in twice sedimented Fraction I protein preparations. Thus, the 
amount of 26 S component present in such twice sedimented preparations 
is too great to have resulted merely from centrifugal enrichment and must 
therefore have been formed at the expense of the 19 S component during 
the isolation procedure. 

An extreme and unusual case of such aggregation during centrifugal 
preparation of tobacco Fraction I protein is illustrated by the diagrams in 
Fig. 5. The ultracentrifugal pattern of the original cytoplasm is shown 
in Fig. 5, A. This preparation is typical of the many that we have ex- 
amined and, characteristically, contains only a small amount of the 26 8 
component. 

The protein solution resulting after once sedimenting and redissolving 
the 19 S component can also be considered typical. As shown in Fig. 5, 
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li- B, the 19 S component constitutes the major portion of the total protein 
‘a- in this sample as expected, although low molecular weight material still 
at accounts for about 15 to 20 per cent of the total protein at this stage of 
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he Fia. 4. Ultracentrifuge patterns illustrating the sedimentation behavior of sev- 

0- eral typical Fraction I protein preparations from Turkish (A and B) and Maryland 

he Mammoth (C) tobacco leaves. Rotor speed 50,220 r.p.m. Solvent, KOH-maleate 

ns buffer, pH 7.0,0.14. The 19S component is the largest in each diagram. In A and 

m B, two faster moving aggregates of Fraction I protein are evident, and in C there 

? are three. 

Mg Fig. 5. Ultracentrifuge patterns showing the sedimentation behavior of a Mary- 
land Mammoth tobacco whole cytoplasm preparation (A) together with once sedi- 

al mented (B) and twice sedimented (C) Fraction I protein preparations derived from 

in it. The patterns illustrate the formation of aggregates during the preparative pro- 

"= cedure. In the whole cytoplasmic proteins and once sedimented Fraction I protein 
preparation, only a small amount of one component moving faster than 19 § is evi- 

x- dent; in the twice sedimented preparation, at least five components moving faster 

8 than 19 S are resolved. Numbers by the peaks indicate the 19 S component (No. 1) 
and higher particle weight aggregates (Nos. 2 to 6) of the 19 S units. Rotor speed 

ng 50,220 r.p.m. A, 0.3 m KOH-maleate buffer, pH 6.9; 8.6 mg. of protein per ml. B, 

5 KOH-maleate buffer, pH 7.0, 0.1 «4; 12.5 mg. of protein per ml. C, KOH-maleate 
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buffer, pH 7.5, 0.1 »; 21.6 mg. of protein per ml. 
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purification. In accord with the results obtained with spinach, the amount 
of 26 S component has also been greatly increased, but it is noteworthy 
that no resolution of components sedimenting more rapidly than 26 § is 
apparent. In marked contrast, the Fraction I protein solution (Fig. 5, C) 
of this unique preparation after being twice sedimented contained not 
only the 19 S and 26 S components which were present in the once sedi- 
mented preparation, but also four other readily distinguishable components 
which sediment more rapidly than either of these. Thus, the analysis of 
this Fraction I preparation seems to establish clearly that the high molec- 
ular weight components are artifacts formed by aggregation of the 19 § 
component during the centrifugal preparation, that the aggregation occurs 
largely during the second sedimentation, and that for analytical purposes 
such aggregates should be treated as Fraction I protein. 

The corrected sedimentation constants of the components represented 
by Peaks 1, 2, and 3 in Fig. 5, C are 18.0, 25.7, and 30.7, respectively. The 
sedimentation constants of the other three components could not be deter- 
mined accurately from the material at hand. However, if the three com- 
ponents characterized by sedimentation constants 18 to 19 8, 26 to 28 §, 
and 31 to 35S (Table I) are considered, the values of these constants are 
consistent with the hypothesis that these components are related as mon- 
omer, dimer, and trimer, respectively. Furthermore, the latter two com- 
ponents, although exhibiting more variation in sedimentation constant 
from preparation to preparation than does Fraction I protein, neverthe- 
less show but little more dependence of sedimentation constant upon total 
protein concentration than does Fraction I protein itself. This behavior 
is also consistent, because dimers and trimers of a relatively spherical 
molecule such as Fraction I protein, as will be shown below, are also rela- 
tively symmetrical molecules and should show little dependence of their 
sedimentation constants on concentration. 

Evidence presented below indicates that Fraction I protein is a nucleo- 
protein of the ribose type. Aggregation of nucleoproteins is now a well 
established fact, particularly with virus proteins, since the dimerization 
of tobacco mosaic virus (TMV), prepared by centrifugation, is readily 
demonstrated upon ultracentrifugal analysis (5). Even more convincing 
is the finding (6) that, when two electrophoretically distinguishable strains 
of TMV are compacted by centrifugation into a pellet and the latter redis- 
solved and analyzed by electrophoresis, an appreciable amount of a third 
component of intermediate mobility appears. Although Fraction I pro- 
tein is much smaller than TMV, it does not seem unreasonable to expect 
this nucleoprotein also to aggregate under similar conditions of centrifugal 
preparation, and it is possible that further examination of the behavior of 
other nucleoproteins during centrifugation may reveal aggregation to be a 
rather common property of nucleoproteins. 
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Chemical Characterization 


Phosphorus Content of Fraction I Protein—Various preparations of twice 
sedimented Fraction I protein obtained from tobacco and spinach leaves 
have all contained organically bound phosphorus which is precipitated 
with the protein by TCA. The amount of organic phosphorus has varied 
from 0.15 to 1.5 per cent. Although the precise explanation of this varia- 
tion must await further experimentation, one source of variation appears 
to reside in the fact that the cytoplasmic extracts themselves differ in 


TaBLeE I 
Sedimentation Constants of Fraction I Protein in Several Whole Cytoplasm and 
Fraction I Preparations 


8,20 X 103 * 





: : Concentra- | ; 
Species and preparation | tion | Component | Conggnant | ee 
| mg. per ml. | | | 
A. Spinach, Fraction Itt | 4.0 | 18.1 26.0 | 
| 2.0 | 18.6 26.4 | 
| is |i 8s 
. es |; 05 | 18.4 | 
B. Turkish tobacco, Fraction If (Sam- 21.6 | 18.0 | 25.7 30.7 
ple E-6)t | 
C. Turkish tobacco (Sample E-8) | 
Whole cytoplasmt 5.0 | 18.8 | 
Whole cytoplasm supernatant af- 5.6 | 18.7 | 
ter Ist centrifugation cyclet | 
Fraction Itt | 5.1 18.7 
13 | 18.6 | 
D. Turkish tobacco (Sample E-11) 
Whole cytoplasm§ 5. 19.1 
Whole cytoplasm supernatant af- 5.5 18.9 
ter Ist centrifugation cycle§ | 
Fraction If§ 9.85 19.5 27.4 33.9 
4.92 19.1 27.9 34.8 
Ek. Maryland Mammoth tobacco, Frac- 9.90 19.2 28.4 36.8 
tion If (Sample E-20)t 4.95 19.1 28.0 
2.47 19.0 28.7 
1.23 19.0 
F. Various spinach and tobacco whole 3-15 18.94 


cytoplasms|| 

* Values corrected to the density and viscosity of water at 20°. 

+ Prepared by two high speed centrifugation cycles as described in the text. 

t KOH-maleate buffer, pH 7.0, 0.1 x. 

§ KOH-maleate buffer, pH 7.5, 0.1 x. 

|| Na eacodylate-cacodylic acid-NaCl buffer, pH 6.9, 0.1 «, or KOH-maleate buffer, 
pH 7.0, 0.1 pw. 

§ Average of twenty independent experiments. 
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TCA-P content. These differences are, in turn, a reflection of the phys- 
iological age and nutritional status of the plant at the time of harvest. 
There is much evidence to indicate that essentially all of the TCA-P of 
cytoplasm is associated with the 19 S component since, in many experi- 
ments, approximately the same percentage of TCA-P and of 19S protein 
is removed as a pellet by centrifugation. However, since the amount of 
TCA-P in cytoplasm has varied over a 5-fold range, in contrast to the 
amount of 19S protein which has varied surprisingly little between different 
samples, it seems probable that the amount of TCA-P per unit of 19 S pro- 
tein in the original cytoplasm as well as in-the final Fraction I protein 
preparations is also somewhat variable. 

Nature of Organic Phosphorus Associated with Fraction I Protein—Solu- 
tions of Fraction I protein show strong absorption in the region of 260 
my. When a TCA precipitate of purified Fraction I protein or of proteins 
precipitated from cytoplasm is heated with either 1 n HCl or HCIO, for 
5 minutes at 90°, all of the phosphorus which precipitated with the pro- 
tein is released into solution. This acid solution also absorbs strongly at 
260 mu. Continued heating of the 1 N acid extract releases approximately 
one-half of the phosphorus as inorganic phosphorus in 60 minutes and, 
concurrently, free ribose appears in the solution. 

That the phosphorus which precipitates with the protein in the presence 
of TCA is in the form of ribonucleic acid was determined by chromato- 
graphic methods. The TCA-P was released from the precipitated protein 
by treatment with 1 Nn HCl at 90° for 5 minutes, the protein removed by 
centrifugation, and the supernatant solution further hydrolyzed in the 
1 n acid for 1 hour at 100° in a sealed tube. The hydrolysis products were 
chromatographed on filter paper according to the method of Smith and 
Markham (7) and identified as guanine, adenine, cytidylic acid, and uri- 
dylic acid by cochromatography with similar hydrolysates of highly purified 
yeast nucleic acid and with authentic samples of the individual compounds. 
The hydrolysate also gave a positive orcinol reaction; the presence of 
ribose was established by cochromatography with authentic ribose in two 
different solvent systems. 

Quantitative studies of hydrolysis products separated by chromatog- 
raphy demonstrated that all of the TCA-P in Fraction I protein prepara- 
tions and in whole cytoplasm solutions may be accounted for as com- 
ponents of ribonucleic acid. For these studies, samples were prepared as 
for the qualitative studies reported above, the volume of 1 N acid used in 
removal of the TCA-P from the protein being such that the concentration 
of P in the hydrolysate was 0.1 to 0.3 y, equivalent to 1 to 3 y of nucleo- 
tides, per wl. After chromatography of the hydrolysate, the developed 
chromatograms were dried at room temperature, the spots located, and 
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the marked spots and suitable blanks for each replicate were cut out and 
eluted in 4.00 ml. of 1.0 n HCl for 15 to 20 hours at 25°. The optical 
density of the eluates was determined at the maximal absorption of each 
component with a Beckman model DU spectrophotometer. From the 
optical density, the free base or nucleotide concentration was calculated 
from the extinction coefficients of Markham and Smith (8). In general, 
duplicate aliquots of the solution to be analyzed, containing 50 to 120 7 


TaBLe II 
Analysis of Nucleic Acid Associated with Fraction I Protein Prepared from Maryland 
Mammoth Tobacco Whole Cytoplasm by Two Fractionation Cycles 
Each sample contained 3.3 um of TCA-P before hydrolysis. 








Component Preparation I* | Preparation II* 
pa | _~ 
Guanine.... HA ecgie 0.97 1.22 
Adenine. .... Siac aN 0.72 | 0.83 
Cytidylic acid..... yin State STAN 0.69 0.84 
RS Silas Se maise paras omiehed - 0.61 | 0.73 
Total................ -atigniibetoaes 2.99 | 3.62 


Average total..... Salted dese aera ta tection 3.3 


Ratio of components in nucleic acid, based on above analyses 


I oc arc ice ta cnnd vdustaiccaxtvwisialiissdits 1.35 1.47 
Adenine 

Cytidylic acid Pe eT TEM 1.13 1.15 
Uridylie acid 

Total purines os ie: 1.30 1.31 


Total pyrimidines . | 


* Average of six replicates. 


of TCA-P, were precipitated and hydrolyzed. Two chromatograms, each 
with three 20 to 40 ul. aliquots of the hydrolysate and three blanks, were 
prepared from each hydrolysate. 

In a typical experiment, hydrolysates of 1 N HCl extracts of aliquots of 
Fraction I protein solution containing 3.3 um of TCA-P were analyzed as 
described above. As shown by the data in Table IT, the average sum of 
the nucleotides in each hydrolysate was equivalent to 3.3 ym per aliquot. 
Thus, 1 mole of nucleotide was present for each mole of phosphorus in 
Fraction I. This indicates that the TCA-P associated with Fraction I 
protein is in the form of ribonucleotide polymers (ribonucleic acid) and, 
hence, that Fraction I protein is a nucleoprotein. 
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Physicochemical Characterization of Fraction I Protein 


Several solutions of Fraction I protein prepared by the two cycle cen- 
trifugation method from spinach and tobacco cytoplasms have been ex- 
amined electrophoretica!ly and in the analytical ultracentrifuge. 

Electrophoretically, the preparations, regardless of the number of ag- 
gregates present, possess but a single component, migrating as a sharp 
rather symmetrical peak with a mobility of —4.0 to —5.5 & 10-> em? 
sec. volt in 0.1 » Na cacodylate buffer at pH 7.20 (Fig. 2, B). 

The sedimentation constants of the components in Fraction I protein 
solutions prepared from spinach and from tobacco cytoplasms are essen- 
tially the same, as is shown in Table I. Furthermore, the sedimentation 
constants are practically independent of concentration and are not affected 
by the presence of higher molecular weight aggregates, since the sedimen- 
tation rate is the same in highly purified preparations as in whole cyto- 
plasm. Consequently, the low degree of spreading of the 19S peak during 
sedimentation is not to be attributed to the boundary sharpening which 
occurs with substances which exhibit a large dependence of sedimentation 
constant upon concentration. It is, rather, indicative of the homogeneity 
of the protein with respect to molecular weight. 

The molecular weight of the protein was determined by use of a modified 
form of Svedberg’s equation (Equation 1 (9)) relating the molar frictional 
coefficient, f, the sedimentation constant, s, and partial specific volume, J, 
of the protein, and the density of the solvent to the anhydrous molecular 
weight of the sedimenting molecule. All of these quantities except the 
molar frictional coefficient were determined experimentally. 

The partial specific volume of the nucleoprotein was determined in a 
pycnometer at 25.00° from the densities of a dialyzed preparation of Frac- 
tion I protein from Maryland Mammoth tobacco (Sample E-20, Table I) 
containing 4.95 mg. of TCA-precipitable material per ml. and of the buffer 
solution against which it was dialyzed. From these data, the partial 
specific volume was found to be 0.69; (9). 

This value is low for the partial specific volume of a protein, but it is in 
the range expected for a nucleoprotein because of the relatively high den- 
sity of nucleic acid. The particular preparation used for this determina- 
tion contained 11.2 per cent nucleic acid, computed either from TCA-P 
analysis or by direct nucleotide analysis. 

Normally, f is evaluated from the diffusion coefficient (D), obtained 
from independent diffusion measurements, by means of the Einstein rela- 
tion, f = RT/D. Diffusion measurements of Fraction I protein solutions 
are at present impractical because of the presence of aggregates of Frac- 
tion I protein which seriously complicate determination of a diffusion 
constant and because of the instability of the preparations over the long 
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periods of time required for the experiments. However, since it has been 
shown (10) that concentration dependence of s increases with increasing 
asymmetry of the sedimenting molecule, the lack of concentration de- 
pendence of s for Fraction I protein suggests that the molecule is nearly 
spherical. For unhydrated spherical molecules, f = fo, where fo is the 
molar frictional coefficient of an unhydrated equivalent spherical molecule 
and may be evaluated from Stokes law (9). Hydration increases the ef- 
fective particle size and hence the value of f; thus f/fo is always greater 
than unity. 

The hydration of Fraction I protein is unknown, but, if it is assumed 
that the molecule is hydrated to the extent of 40 per cent by weight, the 
ratio f/fo has the value 1.15 (11). With this value for f/fo, and the ex- 
perimental values V = 0.69 and s = 19.0 8, the calculated molecular 
weight is 375,000. This value should be regarded as a good first approxi- 
mation to the true molecular weight of a preparation containing approxi- 
mately 11 per cent nucleic acid and refinements of this figure will depend 
upon the preparation of stable solutions containing no aggregates of the 
Fraction I protein. 


DISCUSSION 


In addition to the previous identification of Fraction I protein in the 
soluble, cytoplasmic protein extracts of a variety of leaves (1), a com- 
ponent of 19 S has now been isolated from spinach, pea, and tobacco leaves. 
As far as can be ascertained at present, there is a striking physicochemical 
similarity in the preparations of this protein derived from all three species. 
Variations in the nucleic acid content and sedimentation constant are no 
greater among preparations made from three genera of plants than among 
different preparations made from the same species. Detection of generic 
and species differences evidently will depend upon more refined techniques, 
such as detailed nucleic acid and amino acid analyses, rather than upon the 
gross chemical and physicochemical analyses of the type which we have 
utilized. 

The question arises as to how much reliance may be placed on the homo- 
geneity of Fraction I protein when the nucleic acid content of the isolated 
protein is variable. As indicated earlier, there is good reason to believe 
that all of the TCA-P, and hence nucleic acid, found in the soluble protein 
fraction of leaves is associated with the 19 S component, but that the 
variable amount of TCA-P in the soluble proteins is a reflection of the 
nutritional and physiological age status of the plant, and that these con- 
ditions will in turn determine the amount of TCA-P to be found in Frac- 
tion I protein when it is isolated. In addition to these factors, another 
source of possible variation in TCA-P content arises from the intense phos- 
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phatase, protease, and ribonuclease activity found in the cytoplasmic 
proteins of leaves. Such protein preparations are capable of bringing 
about the rapid degradation of yeast nucleic acid to ribosides, inorganic 
P, and a residue which resists further enzymatic hydrolysis. Hence, it is 
reasonable to suspect that these enzymes are also responsible for some 
degradation of the nucleic acid associated with Fraction I protein during 
the time required for its preparation. Although it has always been our 
practice to work rapidly and under cold conditions, nevertheless it is pos- 
sible to demonstrate losses in the TCA-P contained initially in the soluble 
proteins even when the material is maintained at 0° for only a few hours. 
The fact that this loss is-accelerated at higher temperatures suggests that 
the losses may be attributed to enzymatic action. 

An important matter for future experimentation concerns the question 
of whether the amount of nucleic acid per molecule of 19 S component is 
indeed variable in amount, or whether some molecules contain a constant 
amount of nucleic acid whereas others contain none whatsoever. The 
latter situation is not without parallel, since Markham and Smith (12) 
have found two fractions of protein in purified turnip yellow mosaic virus 
which are indistinguishable by chemical and serological means, except 
that one fraction contains nucleic acid and is infective, while the other 
fraction is devoid of nucleic acid and is non-infective. 

When the nucleic acid content of Fraction I protein from young leaves 
in the process of expansion and rapid protein synthesis is compared to 
that obtained from older leaves in which the proteins are in a relatively 
steady state condition (13), the former is much richer in nucleic acid than 
Fraction I protein obtained from older leaves. However, analysis of the 
two preparations reveals no change in the nucleotide composition of the 
nucleic acid, and no significant change in the sedimentation constant, 
suggesting that there is no change in the protein moiety of Fraction I 
protein. It seems possible, therefore, that a limit may be placed on the 
amount of nucleic acid that a leaf may synthesize, in contrast to the less 
restricted synthesis of the protein, with the consequence that there is not 
enough uncombined nucleic acid to provide for those protein molecules 
formed during the later stages of synthesis. Also plausible is the possi- 
bility that all Fraction I protein molecules initially contain the same 
amount of nucleic acid, but that one function of the protein is to supply 
nucleic acid to other materials of the cell during the rapid synthesis of 
protoplasm which occurs when a leaf grows by expansion. 

We believe that the real significance of this work lies in the ability to 
recognize and study by simple and straightforward analysis the behavior 
of a specific nucleoprotein which constitutes a large proportion of the total 
soluble protein fraction of leaves. Thus, it is possible now to study pro- 
tein synthesis under conditions completely divorced from increased cellular 
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divisions. Although not often recognized by biochemists, the leaf is a 
remarkable organ for the study of protein synthesis by virtue of the fact 
that an expanding leaf grows by a process of cell elongation rather than 
cell division. As will be shown in subsequent publications, an expanding 
leaf synthesizes protein at a rapid rate, and, after expansion is complete, a 
steady state condition prevails for a relatively long period during which 
protein synthesis is well balanced against protein catabolism. Yet, de- 
tachment of the leaf at any time during the steady state condition will 
upset this balance in favor of rapid protein catabolism. Consequently, a 
challenging opportunity exists for the study of the metabolism of Fraction 
I protein under changing conditions which can be controlled largely by the 
investigator. 


SUMMARY 


1. Previous studies have revealed the presence of a major protein com- 
ponent comprising as much as 50 per cent of the total soluble proteins in 
cytoplasmic extracts of the leaves of several species of plants. A simple 
high speed centrifugal method has been developed for the preparation of 
this protein in good yield and in a high degree of purity. 

2. The protein is shown to be a nucleoprotein containing ribonucleic 
acid. Physicochemical characterization of this nucleoprotein indicates 
that it is relatively homogeneous with respect to molecular weight and 
electrophoretic mobility, and that the molecules of this protein are very 
nearly spherical and have a molecular weight of the order of 375,000. 
They appear to form dimers, trimers, and larger aggregates under suitable 
conditions. 

3. The ribonucleic acid content of preparations of this nucleoprotein 
varies somewhat. Possible factors involved in this variation and their 
significance are discussed. 
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VITAMIN D AND TISSUE CITRATE* 


By HARRY STEENBOCK anp STUART A. BELLIN 


(From the Department of Biochemistry, College of Agriculture, University of Wisconsin, 
Madison, Wisconsin) 


(Received for publication, May 28, 1953) 


The increased elimination of urinary citrate effected by the administra- 
tion of vitamin D (1) raises the question whether this is the result of a low- 
ering of the renal threshold or a response to an increased accumulation in 
body tissues, or both. The reports in the literature on tissue citrate in 
this connection are limited and conflicting. While Freeman and Chang 
(2) and Harrison and Harrison (3) found an increase in serum citrate in 
the dog and the infant, respectively, when vitamin D was administered, 
Ochsé (4) was unable to find any “significant” difference in the level of 
serum citrate in rachitic as compared with normal infants. Shock treat- 
ment with vitamin D actually reduced the citrate level. 

The wide distribution of citrate in the body (5, 6) and its high concentra- 
tion in bone (7), as well as the large number of metabolic reactions in which 
citrate or its precursors participate (8), made it desirable to determine 
whether vitamin D could increase tissue citrate. In an ultimate analysis, 
such an effect could be the result of either its increased synthesis or its de- 
creased destruction. 


EXPERIMENTAL 

Our experiments were carried out with female Sprague-Dawley rats, gen- 
erally 5 weeks old. They were maintained in hanging wire baskets and 
were fed ad libitum. The rations were cereal-free and semisynthetic in 
nature. They were identical in their organic composition, as previously 
described (1). In brief, they represented respectively a low phosphorus 
(0.017 per cent) rachitogenic ration No. 23A, a non-rachitogenic ration, 
normal in phosphorus, half normal in calcium content (0.30 per cent P, 
().22 per cent Ca) No. 11A, a low calcium ration (0.04 per cent) No. 11D, a 
ration low in calcium, phosphorus, and magnesium (0.02 per cent) No. 
23—, and a ration in which all inorganic additions had been limited to 0.40 
per cent sodium chloride (No. 8-4). In all of these rations the required 
inorganic ingredients were incorporated at the expense of an equal weight 
of glucose. However, when sodium bicarbonate was fed (Tables II, IV), 

* Published with the approval of the Director of the Wisconsin Agricultural Ex- 


periment Station. We are indebted to the Wisconsin Alumni Research Foundation 
for funds which made this research possible. 
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the glucose ingredient was not reduced. Vitamin D, when required by our 
experimental plan, was given as a cottonseed oil (Wesson) solution of cal- 
ciferol by dropper. The amount ranged from 75 to 150 i.u. given every 3 
days unless otherwise indicated. Control rats were usually equal in num- 
ber to those given vitamin D. 

After the rats had been kept on their respective rations from 8 to 36 days, 
they were anesthetized with ether, blood samples were withdrawn into an 
oxalated syringe by heart puncture, and the desired soft tissues were re- 
moved rapidly and dropped into liquid air for storage. Blood, as obtained, 
was ejected at once into 5 ml. of 10 per cent trichloroacetic acid (TCA) 
and centrifuged after 30 minutes. The precipitate was suspended in 10 
per cent TCA and citrate was determined on the combined supernatant 
fluids within 24 hours after collection. For the analysis of citrate in bone, 
the right humerus was extracted with ether, dried to constant weight at 
105°, then weighed and ground to a powder in a mortar. Weighed samples 
were extracted four times with 5 ml. portions of 1 N sulfuric acid. Analyses 
were made on aliquots of the combined extracts. Control analyses showed 
that none of the citrate was lost by the previous ether extraction. For 
the analysis of tissues other than blood or bone, the frozen samples were 
weighed, then ground in a mortar with quartz sand and 10 to 20 ml. of 20 
per cent TCA, centrifuged, and reextracted with an equal volume of TCA. 
Liver tissue presented certain difficulties because of its high content of re- 
ducing substances. To remove these, the frozen tissue was homogenized 
in ethanol and centrifuged, and the residue dried at 105°. Citric acid was 
determined on an extract of this residue obtained with four successive 5 
ml. portions of 1 N H.SOx. 

All citrate determinations were made essentially according to the pen- 
tabromoacetone technique of Speck, Moulder, and Evans (9) with the chro- 
mogenic reagent of Dickman and Cloutier (10). Recovery determinations 
for added citrate were made with each series of analyses. 

For a check on the rachitic state of our animals and the effect of vitamin 
D, bone ash was occasionally determined on ether-alcohol-extracted fem- 
ora, and inorganic phosphorus and calcium determinations were made on 
blood sera. The calcium was precipitated directly as the oxalate and ti- 
trated by the method of Wang (11). Inorganic phosphorus was deter- 
mined by the method of Fiske and Subbarow (12). As vitamin D produced 
its maximal antirachitic effect after the rats had been on their rations for 
15 days, most of the soft tissues were taken for analysis at the termination 
of this period. 


Results 


Table I shows that vitamin D increased the citrate content of blood, 
kidney, bone, and possibly that of heart and small intestine, leaving only 
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the liver citrate unaffected. The citrate values for both blood and bone 
were remarkably consistent within groups. The blood values were pre- 
cisely reproducible for comparable groups. The increases for heart and 
small intestine are open to some question because of the extensive over- 
lapping of values, but there is no question about the relative position of 
the others. 

As was found to be true for urinary citrate, increases in citrate were 
produced with the rats on either normal or rachitogenic rations. Further- 


TABLE | 
Effect of Vitamin D on Citrate Content of Various Tissues 


Ration No. Blood Heart Kidney a. Liver Bone 





y perml. | ¥ per gm. | y per gm. | y per gm. vy per gm. | mg. per gm. 











11A + vitamin D | 21 53 38 76 12 | 5.23 

| (13-32) (17-97) |(17-83) (48-112) (6-21) | (4.28-6.07) 
1A | 13 43 18 61 13 | 3.39 

| (8-20) | (25-65) | (9-31) (26-84) | (6-26) | (2.52-4.01) 
Increase due to vitamin | 61.5* | 23.2 que | 24.6 '54* 

D, % | | | | | 

2A + vitamin D | 20 |e |6 |7 |11 | 6.05 

| (20-36) (21-89) | (26-120) (46-129)) (6-21) | (5.63-6.77) 
23A | 20 «55 52 62 11 | 4.40 


| (10-31) | (16-143) (19-113) (23-83) | (5-19) | (3.63-6.03) 





Increase due to vitamin 45* 11 15 27.4 38t 
D, % } 


Each value is the average of from eleven to twenty-three rats after 15 days on 
the ration. The values in parentheses represent the range. 

*P <0.01. 

t P <0.02. 


more, the highest citrate values were again obtained with a low phosphorus 
intake, but the greatest increase, induced by vitamin D, was found with 
rations adequately supplied with phosphorus. Although alkalosis, induced 
by feeding sodium bicarbonate or otherwise, is known to increase urinary 
citrate (5, 13-17), our results substantiate those of Leonards and Free 
(18) that it has little or no effect on the level of blood citrate (Table II). 
Vitamin D was equally effective in elevating blood citrate, whether or not 
sodium bicarbonate was fed. This effect was demonstrable with rats kept 
on a normal ration, a rachitogenic ration, or on a ration from which all 
inorganic salts except sodium chloride had been omitted. It is, therefore, 
evident that the effect of vitamin D on blood citrate was not mediated 
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through an increased systemic alkalinity, although vitamin D has been 
shown to increase the alkalinity of the urine of rachitic rats (19). Further- 
more, although vitamin D is well known to be a determinant of the level of 
serum calcium and phosphorus, the increased level of serum citrate could 








TaBLe II 
Effect of Vitamin D on Blood Citrate 
Ration No. Days on ration| With vitamin D Without vitamin D wen | to 
sein | van ml. ie Y pany per cont 
1A i=} sts (7) 13 (14) 61.5 
11A + 10% 

NaHCO; 15 25 (5) 15 (6) 66.7 
23A 15 29 (18) 20 (23) 45.0 
23A + 10% 

NaHCO; 15 31 (7) 20 (8) 55.0 
8-4 | 21 28 (6) 17 (6) 65.0 
8-4 + 10% 

NaHCO; 21 26 (2) 17 (2) 53.0 


The figures in parentheses give the number of animals. 


TABLE III 
Effect of Vitamin D on Serum Calcium and Phosphorus 

Ration No. | Calcium Phosphorus 

meg. per cent mg. per cent 

11A + vitamin D 10.36 (9) 8.80 (8) 
(9.96-10.86) (7 .60-9.60) 

11A 6.72 (7) 9.30 (10) 
(5.90-7 .56) (7.90-10.80) 

23A + vitamin D 11.25 (3) 4.99 (4) 
(10.00-11.80) (3.78-6.30) 

23A 10.21 (5) 1.80 (5) 
(9.61-10.80) (1.54-2.26) 


The top figures in parentheses give the number of animals, the lower figures the 
range in values. 


not be correlated with a change in the level of either of these constituents 
(Table III). These findings are in complete agreement with those of Harri- 
son and Harrison (3). 

Our studies of the citric acid content of bone (Table IV) show that it 
also was increased by vitamin D. This was true even in the limited num- 
ber of cases in which only a single dose of 72 i.u. of vitamin D had been 
given 15 days before the end of the experiment. In harmony with urinary 
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excretion, the bones contained more citrate when the rats were on the low 
phosphorus ration than when they received adequate supplies of phos- 
phorus. 

Our data do not support the very limited data of others (7, 20) that the 
amount of citrate in bone is reduced in rickets. With rachitogenic rations 
we obtained values which represented an increase of from 16 to 30 per cent 
above the values obtained with normal rations. Dickens’ conclusions are 
based on only one kitten and Nicolaysen’s findings are complicated by the 





TaBLe IV 
Effect of Vitamin D on Bone Citrate 
Ration No. | — No. of rats Femur ash Citrate in humerus = 

per cent mg. “—? ad per cent 
11A + vitamin D | 15 | 6 | 51.8 | 0.495 | 5.56) 56.0 
11A 15 | 6 | 49.8 | 0.207 | 3.57 
11A + vitamin D 15 6 | 65.1 0.348 | 4.90 | 52.6 
11A 15 | 6 | 52.5 | 0.211 | 3.21 | 
11A + 10% NaHCO;+ | 15 | 6 | 55.6 0.338 | 5.08 67.6 

vitamin D 

11A + 10% NaHCO; 15 6 | 51.8 0.196 | 3.03 
23A + vitamin D 15 | 6 | 45.1 | 0.445 | 5.91 17.0 
23A 15 | 6 44.2 0.380 | 5.06 
23A + vitamin D 15 6 48.9 | 0.358 | 6.20 65.3 
23A 15 6 42.1 0.221 | 3.75 
11D + vitamin D* 22 | 4 40.4 0.186 | 2.79 59.0 
11D 22 4 42.0 0.104 | 1.75 
11D + vitamin D 21 4 45.8 0.311 3.90 61.0 
11D 21 4 48.2 0.170 | 2.43 
23— + vitamin D 15 4 27.8 0.157 | 2.66 32.0 
23-— 15 4 25.3 0.125 | 2.01 | 





* 72 to 525 i.u. of vitamin D on the Ist day only. 


fact that his rations contained considerable quantities of calcium and phos- 
phorus. It is, however, possible that this discrepancy can be resolved by 
further analysis of the rachitic state in these instances. Dickens, for ex- 
ample, found less citrate in cartilage than in true bone tissue, and a de- 
creased citrate content in the entire bone when rickets was produced on a 
low calcium diet. 

No correlation could be found between citrate levels and bone ash, but it 
was evident that the citrate values were the lowest in bones which had been 
produced by low calcium rations. It would thus seem that the amount of 
citric acid is more directly related to the calcium nutriture of the animal 
than to the rachitic state per se. Our rats on the low phosphorus ration 
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were severely rachitic after 15 days as evidenced by the wide metaphyses, 
routinely observed, and the lowered serum inorganic phosphorus, although 
the percentage of ash was not greatly lowered. 

In agreement with the work of Leonards and Free (18), bicarbonate feed- 
ing did not increase bone citrate. On the other hand, vitamin D increased 
bone citrate regardless of the bicarbonate content of the ration. 

It is of interest that the increase in tissue citrate effected by vitamin D 
is duplicated by the action of fluoroacetate (21), though to a considerably 
lesser degree; both substances increase citrate in all the tissues examined 
except liver. According to Busch and Potter (22), the inability of fluoro- 
acetate to build up liver citrate is due to the fact that the liver has, in ad- 
dition to the tricarboxylic acid cycle, an alternate pathway for citrate 
metabolism. Apparently the liver, and other organs as well, can catab- 
olize large amounts of citrate. Hepatectomy has been found to increase 
urinary citrate (5). The feeding of large quantities of citrate to the intact 
animal apparently produces very little or no increase in its excretion (13-15, 
17, 23, 24). In rabbits and cats, citric acid has been found to be higher 
in portal than in arterial blood (25). 


SUMMARY 


The citrate content of blood, bone, kidney, heart, and the small intes- 
tine of rats on normal or low phosphorus rachitogenic rations was increased 
by physiological doses of vitamin D. It did not affect liver citrate. Com- 
parable to changes in urinary citrate, tissue citrate was highest in rats kept 
on a low phosphorus ration, but vitamin D produced the biggest increase 
with phosphorus-containing rations. Vitamin D was as effective in in- 
creasing blood and bone citrate in the presence of dietary bicarbonate as in 
its absence, although bicarbonate itself had little or no effect. It appears 


that the increase in urinary citrate is a reflection of its increased accumula- 
tion in certain tissues. 
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VITAMIN D AND INTESTINAL PHYTASE* 
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When it was revealed that the equalization of the phosphorus content of 
cereal grain rations did not equalize their antirachitogenic properties, it 
appeared probable that cereal phosphorus did not always have the same 
nutritive value as inorganic P (1). This was proved to be the case with 
high Ca, low P diets by Bruce and Callow (2). Krieger et al. (3) confirmed 
these findings with semisynthetic cereal-free diets to which phytic acid had 
been added. Later, with the same technique, the importance of the Ca:P 
ratio was stressed. An excessively high Ca intake depressed calcification, 
as was well known from the work of McCollum (4), but this effect was slight 
with inorganic P as contrasted with phytic acid P (5). Vitamin D im- 
proved calcification more with the latter than with inorganic P. Later 
Krieger et al. (6), using high calcium diets, demonstrated that phytic acid P 
was also inferior in value to the P of yeast nucleic acid and soy bean phos- 
phatides. Vitamin D effected the most improvement with phytic acid, 
but the level of calcification never equaled that attained with P from other 
sources. Lately Boutwell et al. (7) found that bran P at a Ca:P ratio of 
2:1 was poorly utilized, but that its utilization was improved by vitamin 
D to a level approaching that of inorganic P. Still more recently Spitzer 
et al. (8) obtained similar results with Ca phytate. 

The nature of the mechanism whereby this improvement in the value of 
phytic acid phosphorus may be effected has been a challenge to investi- 
gators for some time. Mellanby (9) and Green and Mellanby (10) found 
that the anticalcifying action of cereals for dogs was reduced by boiling the 
cereals with 1 per cent HCl. Bruce and Callow (2) and Lowe and Steen- 
boek (11) obtained similar results with rats on high Ca cereal diets. They 
reported that maize had its rachitogenic properties reduced in proportion 
to the extent that its phytic acid was hydrolyzed. Mellanby (12) found 
that germination and autolysis reduced the anticalcifying properties of 
oats. Templin and Steenbock (13) found that maize was improved anti- 
rachitically by germination, followed by autolysis. Lowe and Steenbock 

* Published with the approval of the Director of the Wisconsin Agricultural Ex- 


periment Station. Supported by grants from the Wisconsin Alumni Research 
Foundation. 
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(11) showed that this improvement followed an increase in inorganic P 
which they attributed to the activity of a phytase. 

The recognition that hydrolysis in vivo by an intestinal phytase might be 
responsible for the improvement effected with high calcium diets when 
supplemented with vitamin D emerged gradually. Plimmer (14) failed to 
find phytase in the intestinal extracts of the dog, sheep, ox, and rabbit. 
Lowe and Steenbock (11) similarly failed to find it in the intestinal extracts 
of rats and chicks. Patwardhan (15), however, found it in abundance in 
the intestinal extracts from rats, and Krieger (16) confirmed these results, 
Apparently Lowe and Steenbock failed in their experiments because they 
used phytin as a substrate which is precipitated at the pH optimal for the 
hydrolysis of Na phytate. Patwardhan and Krieger both used Na phytate 
in their experiments. Plimmer’s failure is not so easily explained, unless 
it was that his pretreatment of the intestinal extracts destroyed the en- 
zyme. So far we have never failed to find some phytase in extracts from 
the small intestine of rats. 

The work of Heymann (17) with glycero- and hexosephosphatase sug- 
gested a possible phytase effect in vivo. He found that the phosphatase 
activity of intestinal extracts from normal rats was higher than that from 
rachitic rats. Unfortunately he did not determine the direct effect of 
vitamin D with identical basal rations. Spitzer et al. (8) performed such 
experiments for phytase activity but reported negative results. Crimm 
and Strayer (18) found a 3-fold increase in intestinal phosphatase with ex- 
cessive amounts of vitamin D but Theopold (19) obtained the highest phos- 
phatase values in rickets. 

In view of the paucity of and negative nature of the data on phytase, it 
seemed desirable to make our recent results and those obtained some years 
ago (16) more accessible. While they reveal considerable variations in the 
effect of vitamin D, they do show a definite trend toward an increase in 
enzyme activity following the feeding of vitamin D. 


EXPERIMENTAL 


Our first experiments were carried out with intestinal extracts from indi- 
vidual rats, guinea pigs, dogs, and chickens. These were designed to ascer- 
tain primarily the effect of variations in the technique of extraction, the 
effect of pepsin, trypsin, MgSO,, and CaCOs, the time of incubation, varia- 
tions in pH, excess of substrate, excess of buffer, dilution of extract, etc. 
While these experiments were determinative in their specific objectives, 
they revealed too great a range in the activity of individual extracts to 
establish a relationship with vitamin D. It was not until a large number 
of animals were used under standard conditions, as later outlined, that the 
effectiveness of vitamin D was demonstrable. However, its importance in 
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the over-all antirachitogenic effect of vitamin D with cereal rations remains 
to be evaluated. 

Chick Experiments—2 day-old white Leghorn chicks were fed in groups 
of five on two different rations; viz., Ration B, a practical poultry ration 
when supplemented with vitamin D, and Ration R, a strongly rachito- 
genic ration which is widely used for vitamin D assays. Ration B was 
composed of yellow corn 40, wheat middlings 15, wheat bran 10, meat 
scraps 8, dried skim milk 5, alfalfa meal 5, sodium chloride 0.5, soy bean 
oil meal 5, ground oats 10, and limestone grits 1.5. Ration R was com- 
posed of yellow corn 58, wheat middlings 25, casein 12, NaCl 1, Cag(PO,)s 2, 
dried yeast 2, and MnSO,-4H2O 0.02 (20). After 4 to 8 weeks on these 
respective rations, the chicks were killed, the tibiae were removed for 
determinations of ash content after extraction with alcohol and ether, and 
the small intestines were excised for determination of phytase activity. 
For this determination the intestines were slit lengthwise, washed free of 
contents in cold running water, blotted on moist cheese-cloth, and weighed. 
After thorough maceration with sand in a mortar, the resultant mixture 
was allowed to autolyze with 5 times its weight of water in the presence of 
chloroform for 48 hours at room temperature. The digest was then cen- 
trifuged and the centrifugate, with washings, was diluted with water to 12 
times the weight of the tissue. 

Sodium phytate prepared from commercial Ca phytate was used as the 
substrate. 1 ml. of a solution containing 3.78 mg. of P, of which 3.72 mg. 
represented phytic acid P and the remainder inorganic P, was incubated 
with 0.5 to 2.0 ml. of intestinal extract, 5 ml. of Veronal acetate buffer, pH 
7 (21), and 2 ml. of 0.012 m MgSO, in a volume of 20 ml. at 37°. After 48 
hours, enzymic action was stopped by the addition of 2 ml. of 10 per cent 
trichloroacetic acid, and inorganic P was determined on 1 ml. filtered ali- 
quots of 25 ml. volumes by the Fiske-Subbarow technique (22). The 
values were corrected for the inorganic P originally present, but not for the 
inorganic P liberated from tissue sources during the incubation. These 
were negligible in amount. The conditions provided for these assays gave 
us comparable values which were not necessarily the maximum obtainable. 
Table I reveals clearly that vitamin D increased the extractable intestinal 
phytase. That calcification had been proved in the chicks was indicated 
by the increase in bone ash. 

Rat Experiments—Two sets of experiments with rats were carried out in 
sequence, one with excessive amounts of vitamin D and a cereal rachito- 
genic ration, and a second with approximately therapeutic amounts of 
vitamin D added to two non-rachitogenic rations and one semisynthetic 
rachitogenic ration. For the former experiment, use was made of rats 
which had been on Ration 2965 (23) for a few weeks and had received P® 
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and relatively small amounts of vitamin D after 14 to 22 days of rachito- 
genesis in connection with other experiments (24). These doses were as 
follows: Group 1, 5, Group 2, 10, Groups 3, 4, 6, and 7, 100, and Group 5, 
500 i.u. After the effect of vitamin D had been dissipated, that is 50 to 
103 days after the administration of the vitamin, some of these various 
groups were given from 100 to 500 i.u. of vitamin De» daily for 20 to 30 
days. 

Phytase was determined essentially as already described. However, the 
extracts were limited in origin to the first 10 inches of the duodenum be- 
cause, confirming the findings of Laskowski (25), Heymann (26, 27), and 
others, the highest concentration of enzyme was found in the part proximal 
to the stomach. These sections were allowed to autolyze for 7 days. The 
mg. of P liberated from a substrate of 3.85 mg. of phytic acid P were cor- 


TABLE | 
Intestinal Phytase Activity in Five Chicks 

















| Phytase units per gm. wet tissue Per cent bone ash 
Series No.| Ration |__ aS © 
| No vitamin D Vitamin D | NovitaminD | Vitamin D 
I | B | 2.6 (1.9-3.6) | 5.3 (4.1-7.1) | 33 (30-35) | 45 (43-47) 
II R | 2.1 (1.0-4.7) | 3.6 (2.7-5.0) 31 (26-32) | 43 (41-46) 
Hl | “ | 2.8 (1.9-8.7) | 4.1 (8.64.8) 30 (29-32) | 41 (39-44) 








Ration B was a practical poultry ration when supplemented with vitamin D (see 
the text). It was furnished here as irradiated yeast, 125 to 500 i.u. per 100 gm. of 
ration. Ration R was a rachitogenic ration (see the text) widely accepted for use 
in vitamin D assay. Vitamin D was given as 50i.u. of vitamin D; twice weekly. 


rected for 0.3 mg. of inorganic P in the substrate, but not for inorganic P 
in the extract. The amount of this, 0.09 to 0.14 mg., was found to be 
relatively constant. It was assumed, furthermore, that there was no 
further increase in this fraction during the 48 hours of incubation because 
of the long extended period of extraction to which the tissues had previously 
been subjected. The validity of this assumption was supported by ear- 
lier experience. 

To determine the antirachitic effectiveness of the doses of vitamin D, 
the width of the metaphyses of the distal ends of the radii was measured 
after bisection of the bone with a scalpel and staining with AgNO;. The 
measurements were made with calipers on a projected image of photo- 
graphs, magnified fifteen times, taken on 35 mm. film with a Leica camera 
equipped with a 90 mm. extension tube for a f2 Summar lens. 

The results (Table II) reveal a very pronounced effect of vitamin D with 
the healing of the rachitic lesions. However, noteworthy in these experi- 
ments is the range in values obtained from the animals in the different 








grouy 
of rie 


Grour 
No. 


aoOouarfk wd 


* 


for ¢ 


Ext 


Th 
an 


P- 


N 
ha 
ra 
Ol 
st 





he 
e- 
nd 
1a] 


he 





STEENBOCK, KRIEGER, WIEST, AND PILEGGI 997 


groups. Individually there was no evident relation between the severity 
of rickets and phytase activity. 





TABLE II 
Intestinal Phytase with Hypervitaminosis D in Rats on Ration 2965 
a Final treatment of rats ee | Soe 
| mm. 
1 5 No vitamin D 1.16 (0.90-1.85) | 0.40-1.20 
2 5 “  # | 1.40 (0.93-2.17) | 1.06-1.40 
3 5 o .. # | 1.51 (0.36-1.83) | 0.54-0.86 
4 3 Ci 2,450 iu. vitamin D* =| 3.06 (2.92-3.01) | 0.14-0.22 
5 3 | 11,750 “ “ 4 | 3.27 (3.17-3.42) | 0.14-0.26 
6 3 | 3,450 “« . .& 2.41 (1.54-3.14) | 0.10-0.18 
7 4 | 21,750 “ o « 2.52 (1.41-3.26) | 0.12-0.16 





* These large doses were given in 20 days for Groups 4 and 5, and in 30 days 
for Groups 6 and 7. 


TaBLe III 
Intestinal Phytase with Small Doses of Vitamin D in Rats on Various Rations 
Phytase units per gm. wet tissue | Blood sera, inorganic P 
Experimental" Ration No. po 

No vitamin D Vitamin D No vitamin | Vitamin D 
mg. per cent mg. per cent 

P-10 23 0.99 (0.50-2.10) 1.29 (0.50-3.10) 1.27 | 2.50 

11 | 0.80 (0.45-1.05) | 0.90 (0.60-1.35) | 5.31 | 4.92 

P-14 23 | 1.48 3.20 2.95 | 3.41 

| ou 1.59 1.94 8.80 | 8.05 

| 2065W | 1.07 2.13 11.62 | 8.70 

P-14a 23 =|: 3.87 | 5.98 1.09 | 3.32 

ll | 3.89 4.58 6.16 | 7.53 

2965W | 2.19 3.28 10.56 | 7.97 








There were twelve rats in each group for Series P-10 and six for P-14 and P-l4a. 
They were on their respective rations 14 days in Series P-10, 25 days for Series P-14, 
and 29 for P-14a. The doses of vitamin D were 400 i.u. for Series P-10, 600 for Series 
P-14, and 700 for P-14a. 


In the second set of experiments there was fed a modified Ration 2965, viz. 
No. 2965W, which was no longer rachitogenic because its CaCO; and NaCl 
had been replaced with 4 per cent of a complete salt mixture, viz. Wesson’s 
salt mixture (28). There was also fed a semisynthetic non-rachitogenic 
ration, viz. Ration 11 (29) composed essentially of egg white, cottonseed 
oil, glucose, a P-free salt mixture, and vitamins, identical with Ration 23 
supplemented with a neutral mixture of KLHPO, and KH2PO,. This gave 





998 VITAMIN D AND PHYTASE 


it a P content of 0.3 per cent and a Ca content of 0.47 per cent, the same 
as in Ration 23. The latter, however, contained only 0.017 per cent P, 
which made it strongly rachitogenic. Vitamin D, when supplied, was given 
in the form of a cottonseed oil solution of vitamin D2 twice weekly in doses 
of 100 i.u. for the duration of the experiment; 7.e., for 14 to 29 days. 

The intestinal extracts were prepared as before, except that in most 
instances there were composite samples for each group. Furthermore, in 
the assay of the extracts, inorganic P was determined both before and after 
incubation. The resultant corrections for inorganic P were the same as in 
previous tests. As a check on the nutritional status of the rats, inorganic 
P was determined in the blood sera. 

In this series as in the preceding one, but with a lower dose of vitamin D 
and variable ration composition, vitamin D increased the intestinal phy- 
tase (Table III). It is noteworthy that the increase was largest with the 
P-deficient rachitogenic Ration 23 with which vitamin D generally gave 
the largest increase in serum inorganic P, but also occurred with Ration 
2965W, which was excessively rich in P, and with which vitamin D effected 
an actual reduction in serum P. Furthermore, a minimal effect, if any, 
on both phytase and serum P was obtained with Ration 11, which was 
approximately optimal in P and Ca content. In these results, Ca was not 


a direct determinant because all the rations contained Ca within the op- 
timal range. 


> 
SUMMARY 


Supplements of vitamin D tended to increase the extractable intestinal 
phytase of rats and chicks kept on cereal rachitogenic rations. Apparently 
this reaction was not limited to cereal rations or to the rachitic state, be- 
cause the same trend was observed with rats kept on non-cereal rations 
which furnished approximately either optimal or excessive amounts of P 
and optimal amounts of Ca. 


We acknowledge our indebtedness to Dr. James T. Lowe and Ina Shaw 
Mirviss for assistance in some of the experiments, and the A. E. Staley 
Manufacturing Company, Decatur, Illinois, for the Ca phytate. 
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BIOSYNTHESIS OF PENICILLINS* 
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The unique structure of the penicillins (I) and the exceptional difficulties 
encountered in attempts to develop laboratory syntheses render the study 
of the pathway of their biosynthesis of particular interest. 

Behrens (2) has summarized results of much biosynthetic work which 
established the fact that a rather wide variety of acids and acid derivatives 
added to the culture medium is incorporated as the acy] group of the peni- 
cillins. Virtually nothing is known of the precursors of other parts of the 
molecule or of the sequence of reactions involved in its formation. 

In considering possible mechanisms of formation of the penicillins, it is 
apparent that there is a certain structural analogy of penicillins to the 
a-amino acids. As indicated by the dotted lines, penicillins can be con- 
ceived of as being formed by condensation of two amino acids. In fact, 
Hockenhull et al. (3) have hypothesized that the penicillins may be formed 
from 6-hydroxyvaline and cysteine. 








CH, 
| 
CH;C—————CHCOOH 
| | 
|. N 
S—CH 
4 
CH 
NH 
| 
C=O 
| 
R 
(1) 





* This project was supported in part by a grant from Eli Lilly and Company, 
Indianapolis, Indiana. The principal results were reported to the meeting of the 
American Society of Biological Chemists at Chicago, April, 1953 (1). 
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In the present study an attempt has been made to trace the route of 
incorporation of sulfur into benzylpenicillin by testing the capacity of suit- 
able strains of the mold Penicillium chrysogenum to utilize various naturally 
occurring sulfur compounds for penicillin synthesis. In confirmation and 
extension of previous work (2, 4), it was found that none of a variety of 
sulfur compounds added to a medium containing only inorganic sulfate as 
a source of sulfur increased appreciably the total yield of penicillin. A 
more adequate test of the utilization of certain of these compounds for 
penicillin synthesis was provided by an application of the competitive 
utilization technique (cf. Cowie et al. (5)). The mold was cultured in a 
medium containing 8**-labeled sulfate, and the ability of the various added 
compounds to depress the uptake of S** into penicillin was measured. 
Results were checked in certain cases by reverse experiments in which the 
isotopically labeled compound and non-labeled sulfate were compared. 


Materials and Methods 


A culture of P. chrysogenum, strain Wisconsin 48-701, was kindly sup- 
plied by Dr. M. P. Backus, Madison, Wisconsin. The culture was carried 
on 6 per cent honey-1 per cent peptone agar slants. A spore suspension 
from two slants was added to 100 ml. of sterile inoculation medium (6), 
modified by omission of calcium chloride and reduction of sodium sulfate 
to 0.25 gm. per liter. The resulting cultures were incubated for 48 to 60 
hours at 22° on a rotary shaker (250 r.p.m.). 10 ml. aliquots of the my- 
celial suspension were then transferred to centrifuge tubes and centrifuged, 
the supernatant fluid decanted, and the volume again brought to 10 ml. 
with sterile water. Centrifugation and resuspension of the mycelium in 
sterile water were repeated one to three times. In certain instances, thrice 
washed inoculum gave much lower yields of penicillin. 3 ml. portions of 
this suspension were used as the inoculum for the experimental fermenta- 
tions. 

The fermentation medium was modified to eliminate sources of sulfate 
and had the following composition in gm. per liter: KH.PO,, 3; ammonium 
lactate, 6; ammonium acetate, 3; MgCl.-6H.O, 0.4; FeCl;, 0.24; MnCl.-- 
4H.0, 0.028; Cu(NOs3)2-3H2O, 0.0042; ZnCle, 0.02; lactose, 22.5; glucose, 
7.5. A solution of the sugars was separately sterilized and added to the 
remaining constituents of the medium plus the indicated amounts of the 
various sulfur compounds to be tested. The final volume was 100 ml. To 
this solution were added 3 ml. of the vegetative inoculum, and the flasks 
were then incubated at 22° on a rotary shaker (250 r.p.m.). At 24 hour 
intervals after the start of fermentation 0.1 gm. of phenylacetic acid was 
added as the sodium salt in 1 ml. of solution adjusted to pH 6.5, until a 
total of 0.3 gm. had been added. 
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At two intervals, usually 70 and 120 hours, samples of the cultures were 
withdrawn and analyzed for total penicillin micrebiologically (7) with paper 
disks (Schleicher and Schuell No. 740-E) and for uptake of radioactivity 
into penicillin by the following procedure. A sample of filtered broth (3 
ml.) and 5 ml. of amyl] acetate were placed in a stoppered centrifuge tube 
and the tube placed in an ice bath. When the temperature of the con- 
tents was 5°, 0.06 ml. of 30 per cent phosphoric acid was added to give a 
pH of approximately 2. The contents of the tube were quickly and vig- 
orously shaken, followed by centrifugation for 30 seconds. Aliquots of the 
amyl! acetate layer were then placed on polyethylene planchets and evapo- 
rated to dryness, and determinations of radioactivity made by using a 
windowless preflush flow counter (Radiation Counter Laboratories), mark 
12, model 2, and suitable scaling circuit. 

The results of the determinations of radioactivity are expressed as counts 
per second per 100 units of penicillin in the original broth (corrected for 
background). These values are believed to represent satisfactory mea- 
sures of the specific activity of the penicillin produced in each case. In 
experiments in which inorganic sulfate of known specific activity was the 
only added sulfur compound, the measurements of radioactivity in the 
extract gave values 50 to 100 per cent of the amount calculated on the 
basis of bioassay. The lower values were almost invariably at 70 hours 
and certainly reflected in part the presence of non-radioactive precursors of 
penicillin in the added inoculum. Recoveries of radioactive benzylpeni- 
cillin added to broths were 100 + 20 per cent. Similar procedures applied 
to cultures of a strain of P. chrysogenum (Wisconsin 49-1783) which pro- 
duced no penicillin yielded negligible amounts of extractable radioactivity. 
In certain samples, extraction of the amy] acetate solution with cold sodium 
bicarbonate, followed by acidification and reextraction with amy] acetate, 
produced no significant change in count. 

Most of the compounds tested were obtained from commercial sources, 
S*5-labeled L-cystine from the Abbott Laboratories, North Chicago, Illinois, 
and $**-labeled sulfate from the Atomic Energy Commission, Oak Ridge, 
Tennessee. pDL-Penicillamine was prepared by addition of hydrogen sulfide 
to 4-isopropylidene-2-methyl-5(4)-oxazolone, followed by hydrolysis (ef. 
Crooks (8)). 


Results 


In Table I are listed data from a typical experiment in which the effec- 
tiveness of pi-methionine, L-cysteine, and pt-penicillamine in replacing 
inorganic sulfate as precursors of penicillin sulfur is compared. As ex- 
pected, doubling the amount of inorganic sulfate added to the medium 
reduces by approximately one-half the estimated specific activity of peni- 
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cillin produced. In sharp contrast, the addition of an equimolar amount 
of pL-methionine or L-cysteine reduces by 70 to 90 per cent the radioactivity 
of the penicillin. This means that in the presence of equimolar quantities 
of added inorganic sulfate and t-cysteine or pi-methionine approxi- 
mately three-fourths of the penicillin sulfur is derived from the amino acid, 
The data obtained with added pi-penicillamine indicate that this compound 
when added to the culture medium is not utilized to an appreciable extent 
as a source of penicillin sulfur. That utilization of cysteine is quite stereo- 
chemically specific was shown in a subsequent experiment in which addition 


TABLE I 
Effectiveness of Various Sulfur Compounds in Replacing Sulfate for Penicillin 
Biosynthesis 
Each flask contained an amount of S**-labeled inorganic sulfate equivalent to 
10.9 mg. of S and having a total activity of approximately 7500 c.p.s. by the counting 


procedure employed. The compounds listed were added in amounts equivalent to 
10.9 mg. of S. 























Yield of penicillin, Radioactivity in amy] acetate 
units per ml. extract, c.p.s. per 100 units 
Compound added ee, See Aa De ee 
60 hrs. | 108 brs. 60 hrs. | 108 hrs. 
| Tale i epee al 1600 «=| 210 1.9 3.6 
Sodium sulfate................ 150 240 1.3 2.4 
- sgn CAT See mee 175 | 240 1.1 1.9 
pu-Methionine................. | 120 225 0.7 0.6 
” BAS wadlinm ororis tee’ 110 | 220 0.8 0.9 
L-Cysteine............. 175 375 0.2 0.9 
“ ectualisaspetodice ae 205 385 0.2 0.9 
pu-Penicillamine.... | 1890 | 250 = a 
“ ihe Sank aes: | 180 | 250 2.4 | 3.7 





of p-cysteine resulted in no significant reduction in the uptake of radio- 
active sulfur from sulfate into penicillin. 

The validity of the method of competitive utilization for identification 
of precursors of penicillin sulfur was checked by reverse experiments in 
which S**-labeled cystine and non-radioactive sulfate were used. The re- 
sults of one experiment are presented in Table II. From the observed 
radioactivity of the extracted penicillin, an estimated 80 per cent of the 
sulfur was derived from the labeled L-cystine added, whereas in the opposite 
case, approximately 20 per cent of penicillin sulfur was derived from la- 
beled sulfate. Thus, the conclusion is confirmed that the sulfur of L-cys- 
tine is utilized in preference to inorganic sulfate. 

Representative results of a subsequent experiment in which glutathione 
was compared with L-cystine as a precursor of penicillin sulfur are recorded 
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in Table III. Since the approximate specific activity of the extracted 
penicillin is the same in all cases, indicating that the radioactive L-cystine 
was diluted equally effectively with inactive L-cystine or glutathione, it 
can be concluded that these compounds have comparable rates of utiliza- 
tion. 


TaB_e II 
Comparison of Utilization of Sulfate and Cystine for Penicillin Biosynthesis 
Each compound was added in an amount equivalent to 10.9 mg. of S. The total 
activity of added L-cystine was 12,000 c.p.s., and of added sodium sulfate 15,000 
¢.p.s. 





Yield of penicillin, Radioactivity in amyl acetate 








aoe | | eee 
| 70hrs. | 120 hrs. 70 hrs. | 120 hrs. 
$*-labeled sodium sulfate + | 175 | 380 0.7 | 1.5 
L-cystine | 175 | 450 08 | 1.6 
$*5-labeled L-cystine + sodium | 175 330 5.2 4.4 
sulfate } 180 | 480 5.5 4.5 
Tasie III 


Comparison of Utilization of Cystine and Glutathione for Penicillin Biosynthesis 


Each flask contained an amount of 8*-labeled L-cystine equivalent to 10.9 mg. 
of S and having a total activity of approximately 5300 c.p.s. by the counting pro- 
cedure employed. The compounds listed were added in amounts equivalent to 10.9 





Yield of penicillin, | Radioactivity in amyl acetate 
units per ml. | extract, c.p.s. per 100 units 
Compound added ons oy we Wee Se ee GS 
70 hrs. | 120 hrs. 70 hrs. | 120 hrs. 
| | Sl | 
L-Cystine. .....:...+.. aan | 170 | | 1.5 
e saneh is | 150 | | 1.2 
Glutathione......... reall 130 340 1.3 | 1.1 
TT  cieinsiehiboc | Mo | 30 | 22 | 4a 
DISCUSSION 


The experimental results reported indicate that the technique of com- 
petitive utilization is a valuable means of detecting possible precursors of 
the sulfur of the penicillins not detectable by the usual techniques. It 
permits the use of isotopic tracers without the necessity of synthesizing in 
isotopically labeled form every compound to be tested. 

The data demonstrate clear cut utilization of the sulfur of cysteine, 
methionine, and glutathione in preference to that of inorganic sulfate for 
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penicillin biosynthesis. Such results, however, do not prove that any one 
of the compounds is a normal intermediate in penicillin synthesis. It is 
possible that each is more readily assimilated than sulfate by the mold or 
is in some way preferentially converted to an intermediate in penicillin 
synthesis. On the other hand one or more of the compounds may in fact 
be a normal intermediate in the biosynthesis of penicillin. Since hypo- 
thetical schemes of biosynthesis have included L-cysteine, it would be of 
particular interest to establish whether the carbon chain of cysteine also 
becomes incorporated into the penicillin molecule. 


SUMMARY 


A study was made of the utilization of certain naturally occurring sulfur 
compounds for the synthesis of penicillin in Penicillium chrysogenum. By 
utilizing S*°-labeled compounds added to a chemically defined medium, it 
was demonstrated that L-cysteine or L-cystine, but not p-cysteine, is utilized 
in preference to inorganic sulfate as a source of penicillin sulfur. pL- 
Methionine and glutathione were also utilized in preference to sulfate. 
Under the same conditions, there was no appreciable utilization of added 
DL-penicillamine. 
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ENZYMATIC ADAPTATION IN THE METABOLISM OF 
CYCLITOLS IN AEROBACTER AEROGENES* 


By BORIS MAGASANIK 


(From the Department of Bacteriology and Immunology, Harvard Medical School, 
Boston, Massachusetts) 


(Received for publication, July 3, 1953) 


The wide distribution of inositols and desoxyinositols in nature suggests 
that these compounds possess a definite biological function. The import- 
ance of one member of this group, the ubiquitous cell component myo- 
inositol, is emphasized by its activity as a growth factor for yeasts and 
molds (1, 2) and as a vitamin necessary for the health of rats and mice (3). 
However, the biochemical reactions of myo-inositol and of the related cycli- 
tols have remained largely unexplored. 

One of the few studies in this field has been the investigation of the stereo- 
chemical specificity of the oxidation of cyclitols by Acetobacter suboxydans 
(4, 5). This organism oxidizes some cyclitols to monoketones and others 
to diketones, but it is incapable of carrying the oxidation further or of 
splitting the ring. 

It seemed of interest to study a biological system which could effect a 
more extensive degradation of inositols. The existence of such a system 
in certain microorganisms could be inferred from the observation that seven 
bacterial species out of a group of fourteen could grow on myo-inositol as 
the only source of carbon (6). One of these organisms, A erobacter aerogenes, 
was used in the present investigation. It was found that capsulated strains 
of this organism could dissimilate, in addition to myo-inositol, one of its 
stereoisomers, D-inositol, as well as two ketoinositols and one diketoinositol. 
Glucose-grown cells did not possess the enzymes necessary for the degrada- 
tion of these compounds. However, exposure of such cells to myo-inositol 
induced the production of adaptive enzymes which were capable of dissimi- 
lating not only myo-inositol, but the other four inositol derivatives as well. 

These observations, together with a discussion of their bearing on the 
biochemical relations between the cyclitols, form the subject of this com- 
munication. 


Materials and Methods 
Cyclitols—myo-Inositol (I) and 1-2-desoxy-muco-inositol (d-quercitol, 
VII) were purified commerical preparations. The preparation of the other 


* This work has been supported by the William F. Milton Fund of Harvard Uni- 
versity and in part by funds received from the Eugene Higgins Trust. Part of it 
was presented before the American Chemical Society in April, 1951. 
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cyclitols listed in Table II has been described in previous papers (4, 5), 
L-1 ,2-Diketo-myo-inositol (XII) could only be obtained in solution. It 
was prepared in the desired concentration (0.08 m) by the oxidation of p- 
inositol (IIL) with resting cells of A. suboxydans in 0.067 m phosphate buffer 
of pH 6.0 in an atmosphere of air, as described in an earlier publication (7). 
The uptake of oxygen ceased when 1 mole had been consumed per mole of 
p-inositol. The bacteria were removed by centrifugation at 5000 r.p.m. 
and filtration through a very fine sintered glass filter. When 0.01 ml. ali- 
quots of the colorless filtrate were subjected to paper chromatography in 
butanol-diethylene glycol-water (3:1:1 by volume), a single strongly re- 
ducing compound with an R, value of 0.17 could be demonstrated. The 
Ry value of t-1-keto-myo-inositol (IX) under the same conditions is 0.25. 
(For the method of demonstrating strongly reducing compounds, see Ma- 
gasanik et al. (5).) The reducing value of the diketone, determined by the 
method of Park and Johnson (8), was identical with that of an equimolar 
solution of 2-keto-myo-inositol or of L-1-keto-myo-inositol. The diketone 
was stable in solution at pH 6.0. At a pH higher than 6 the solution turned 
yellow and no longer possessed biological activity. 

p-1 ,2-Diketo-myo-inositol (XIII) was prepared in solution by an analo- 
gous procedure from L-inositol (V). 

Bacteria—A. aerogenes HMS is the strain kept in the culture collection 
of this department. Strains 1012, 1033, and 1041 were isolated from pa- 
tients at the Boston City Hospital. All four strains had the characteristic 
morphological and biochemical properties of the Aerobacter group. The 
organisms were maintained by weekly transfer on tryptic digest nutrient 
agar. 

Basal Medium—tThe salt base used in this work contained NasHPO, 
0.27 per cent, KH.PO, 1.58 per cent, MgSO.-7H:O 0.02 per cent, CaCl, 
0.001 per cent, (NH4)2SO, 0.2 per cent, pH 6.0. The solution was steri- 
lized by autoclaving at 10 pounds for 10 minutes. Glucose or myo-inositol 
(10 per cent solutions) was autoclaved separately and added aseptically to 
the salt base to give a final concentration of 0.2 per cent. The medium 
distributed in 50 ml. portions in 250 ml. Erlenmeyer flasks was inoculated 
from a 24 hour agar slant and shaken on a Camp type shaker at 37° over- 
night (15 to 17 hours). These cultures were used as inoculum for the 
growth experiments and as the source of the resting cell suspensions for the 
manometric experiments. 

Growth Experiments—The medium consisted of the salt base described 
above, to which glucose was added to give a concentration of 0.25 & 107% 
M (0.0045 per cent). The cyclitols were added, when indicated, to give a 
concentration of 0.50 K 10-* m (0.009 per cent). 75 ml. of this medium 
were inoculated with 5 ml. of a culture grown on glucose overnight and 











shaken 
bidity. 
15 min 
spectré 
with a 
Ma 
grown 
harves 
added 
ment 
the eg 
then « 
and fi 
cell ¢ 
1: 100 
conve 
deter 
The 1 
bicar 
at pi 


Al 
caps 
able 
in a 
grew 
cose 
grov 
suite 
inos 
sult 
only 
Glu 
Stre 

con 
T 
whi 
Cel 
60 
as 


my 











7] 


/ 





B. MAGASANIK 1009 


shaken at 37°. The rate of growth was measured by the increase in tur- 
bidity. For this purpose 5 ml. aliquots of the culture were withdrawn at 
15 minute intervals and their turbidities were read in a Coleman universal 
spectrophotometer, model 14, at a wave-length of 590 my in square cuvettes 
with a light path of 13 mm. 

Manometric Experiments—The cells used in these experiments were 
grown overnight on glucose or on myo-inositol, as described above. Before 
harvesting, 0.5 ml. of 10 per cent glucose or myo-inositol, respectively, was 
added to the cultures, and the shaking continued for 30 minutes; this treat- 
ment restored the metabolic activities of the cells which had suffered from 
the earlier exhaustion of nutrient in the growth medium. The cells were 
then collected by centrifugation at 5000 r.p.m. at 4°, washed twice in water, 
and finally suspended in the volume of buffer necessary to give the required 
cell concentration. The optical density was measured at a dilution of 
1:100 at 590 mp. The manometric measurements were carried out by 
conventional methods in the Warburg apparatus (9). Oxygen uptake was 
determined in 0.067 m phosphate buffer of pH 6.0 in an atmosphere of air. 
The rate of fermentation was measured by the evolution of CO. in sodium 
bicarbonate solution in an atmosphere of 95 per cent Ne-5 per cent CO» 
at pH 7.0. 


Results 


Ability of Strains of A. aerogenes to Dissimilate myo-Inositol—The three 
capsulated strains of four strains of A. aerogenes selected at random were 
able to grow on myo-inositol (Table I). Strains 1033 and HMS subcultured 
in a minimal medium containing myo-inositol as the only source of carbon 
grew rapidly after an initial lag of about 30 minutes. On mixtures of glu- 
cose and myo-inositol typical diauxic growth (10) was observed. The 
growth of HMS in minimal medium was very granular and therefore not 
suited to accurate turbidimetric assay. Strain 1012 did not grow on myo- 
inositol alone. However, addition of glucose to the culture medium re- 
sulted in typical diauxic growth, differing from that observed in strain 1033 
only by the longer stationary phase separating the two cycles of growth. 
Gluconic acid could be substituted for glucose with the same results. 
Strain 1041 utilized only glucose for growth when subcultured in a medium 
containing both glucose and myo-inositol. 

The ability of glucose-grown cell suspensions of the four strains, all of 
which oxidized glucose immediately, to oxidize myo-inositol was compared. 
Cells of strains 1033 and HMS oxidized myo-inositol after a lag of 30 to 
60 minutes, while strains 1012 and 1041 failed to oxidize it after a period 
as long as 200 minutes. Strain 1012, but not strain 1041, could oxidize 
myo-inositol when glucose and ammonium sulfate were present in the re- 
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TABLE | 
Properties of A. aerogenes Strains in Minimal Medium 








PIs Sort os vate dn uA) 6 cacy d es Pike 1033 HMS 1012 1041 
ic cnc diets Snsinecebeebaiviwcosnbes okesdis a | + + i 
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NS 2 vtec os sainivo owas veh oy | + + he + 
myo-Inositol............ Sil + + saa es 
ss Ee Se art CE | + + + = 
2-Keto-myo-inositol............... + +. _ as 
«“ _ Re RES fi r + a 
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XII 
XIII 





* Glucose or gluconic acid added to medium. 


TaBLe II 
Dissimilation of Cyclitols by A. aerogenes, Strains 1033 and 
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myo-Inositol 

Scyllitol 

p-Inositol 

epi-Inositol 

L-Inositol 
DL-2-Desoxy-epi-inositol 
L-2-Desoxy-muco-inositol 


2-Keto-myo-inositol 
L-1-Keto-myo-inositol 
DL-2-Keto-epi-inositol 
b-2-Keto-epi-inositol 
L-1,2-Diketo-myo-inositol 
D-1, 2-Diketo-myo-inositol 
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* The structural formula on the left is the conventional planar projection of the 
cyclohexane ring, while the formula on the right is a schematic presentation of the 
spatial arrangement of the hydroxyl groups (5). The solid circle denotes a north 
polar hydroxy] group; the straight lines denote equatorial hydroxyl groups. 

t Determined with strain 1033 only. 

t Inhibits degradation of cyclitols. 
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action mixture in addition to myo-inositol. In this case two cycles of rapid 
oxygen uptake separated by a phase of slow oxygen uptake could be ob- 
served. Analogous results were obtained when 2-keto-myo-inositol (VIII) 
was substituted for myo-inositol. 

Dissimilation of Cyclitols by Strains 10833 and HMS—Both strains re- 
sponded in the same way to the thirteen inositols, desoxyinositols, and 
ketoinositols used in this study (Table II). myo-Inositol (I) and four 
other cyclitols (III, VIII, [X, and XII) used singly as sole sources of carbon 
supported the growth of strain 1033 and appear therefore to be completely 
degraded by this organism. The same five cyclitols were oxidized by rest- 


























Fic. 1. Growth of A. aerogenes strain 1033 on glucose (0.25 X 10-* Mm), myo-inositol 
(0.50 X 10-* m), and 2-keto-myo-inositol (0.50 X 10-?m). Addition of cyclitol is in- 
dicated by an arrow. Curve I, glucose; myo-inositol added; Curve II, glucose; 2- 
keto-myo-inositol added; Curve III, glucose and myo-inositol; 2-keto-myo-inositol 
added; Curve IV, glucose and 2-keto-myo-inositol; myo-inositol added; Curve V, 
glucose, myo-inositol, and 2-keto-myo-inositol. 

Fig. 2. Growth of A. aerogenes strain 1033 on glucose (0.25 X 107 Mm), myo-inositol 
(0.50 X 10-3 m), and L-1-keto-myo-inositol (0.50 X 10-3 m). The same arrangement 
as in the experiment described in Fig. 1 with substitution of L-1-keto-myo-inositol 
for 2-keto-myo-inositol. 


ing cell suspensions of strains 1033 and HMS. Glucose-grown cell sus- 
pensions attacked these compounds after a period of lag, while those grown 
on myo-inositol attacked them immediately. The other cyclitols were not 
oxidized at all and did not support the growth of strain 1033, even when 
glucose or myo-inositol was added to the medium. One of these cyclitols, 
scyllitol (II), is of special interest; this inositol isomer inhibited the dissimi- 
lation of the five cyclitols which could be degraded, but did not interfere 
with the dissimilation of glucose. 

Kinetics of Growth of Strain 1033 on Cyclitols—The growth curves ob- 
tained with this strain on glucose and cyclitols are presented in Figs. 1 to 
4. The five curves in each figure illustrate five individual growth experi- 
ments carried out simultaneously in which the five growth flasks had been 
inoculated with aliquot portions of the same overnight culture. Inspee- 
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tion of the curves describing the growth on glucose and myo-inositol which 
are included in each of Figs. 1 to 4 reveals the range of variation encoun- 
tered in separate experiments. 

Cells which had grown on glucose resumed their growth on a cyclitol 
only after a period of lag. Similarly, on mixtures of glucose and cyclitols 
two distinct growth cycles separated by a period of much slower growth 
could be observed. This phenomenon of “diauxie” is commonly éncoun- 
tered when organisms are grown on two carbon sources of which one or 
both can be utilized only after adaptation (10). The response of the cells 
to myo-inositol (I), 2-keto-myo-inositol (VIII), and L-1-keto-myo-inositol 
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Fic. 3. Growth of A. aerogenes strain 1033 on glucose (0.25 X 10-* Mm), myo-inositol 
(0.50 X 10-3 M), and L-1,2-diketo-myo-inositol (0.50 X 10-?m). The same arrange- 
ment as in the experiment described in Fig. 1 with substitution of L-1,2-diketo-myo- 
inositol for 2-keto-myo-inositol. 

Fic. 4. Growth of A. aerogenes strain 1033 on glucose (0.25 X 10-* Mm), myo-inositol 
(0.50 X 10-3 m and 0.025 X 10-* m), and p-inositol (0.50 X 10-*m). Addition of cyecli- 
tol is indicated by an arrow. Curve I, glucose and p-inositol; Curve II, glucose 
and 0.025 X 10-3 M myo-inositol; p-inositol added; Curve III, glucose, 0.025 K 107? m 
myo-inositol and p-inositol; Curve IV, glucose and 0.50 X 10-* Mm myo-inositol; pD- 
inositol added; Curve V, glucose, 0.50 X 10- M myo-inositol and p-inositol. 


(IX), was very similar (Figs. 1 and 2). The lag phase separating the 
growth on glucose from the growth on the cyclitols was very short, and 
the rate of growth on the cyclitols differed little from that on glucose. No 
lag could be observed between growth on myo-inositol and growth on either 
of the two keto compounds. 

The organism responded in a similar manner to L-1 ,2-diketo-myo-inositol 
(XII) (Fig. 3). Addition of this compound to cells grown on glucose per- 
mitted growth after a period of lag, while its addition to cells grown on 
myo-inositol resulted in immediate growth; furthermore, myo-inositol-grown 
cells grew on the diketone considerably faster than did glucose-grown cells. 
In contrast to cells grown on the monoketones VIII and IX, cells grown 
on the diketone XII grew on myo-inositol only after a period of lag. A 
portion of the labile diketone seems to be destroyed during growth on either 
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glucose or myo-inositol, since a greater increase in turbidity could be ob- 
served when XII was added after the glucose or myo-inositol had been con- 
sumed than when it was added simultaneously with those substances. 
Cells grown on glucose were unable to grow on p-inositol (IIL) for 2 
hours after exhaustion of the glucose (Fig. 4). A considerable decrease in 
turbidity, presumably due to the lysis of cells, occurred during this time. 
A very slight increase in turbidity was observed in the 3rd hour. In con- 
trast to glucose-grown cells, those grown on myo-inositol grew on D-inositol 
without lag. Moreover, addition of a minute amount of myo-inositol very 
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Fic. 5. Oxygen uptake of glucose-grown resting cells of A. aerogenes strain 1033 
on glucose and on cyclitols. Gl, glucose; Z, endogenous respiration. I, III, VIII, 
IX, cyclitols (see Table II). Each vessel contained 5 um of substrate, 0.4 mg. of 
bacterial nitrogen, and, where indicated, 0.0001 m 2,4-dinitrophenol in a total vol- 
ume of 3.0 ml. of M/15 phosphate buffer, pH 6.0. 

Fig. 6. Oxygen uptake of myo-inositol-grown resting cells of A. aerogenes strain 
1033 on glucose and on cyclitols. Experimental arrangement as in Fig. 5. 


markedly reduced the time of lag between growth on glucose and growth 
on D-inositol. 

Oxidation of Cyclitols by Resting Cells of Strain 1033—Each of Figs. 5 and 
6 illustrates a typical experiment in which the oxygen uptake of glucose- or 
of myo-inositol-grown resting cell suspensions was determined. The same 
cell suspension was used to measure the oxidation of cyclitols in the pres- 
ence and absence of 2,4-dinitrophenol. The size of the water bath limited 
the number of manometers that could be used in one experiment, and for 
this reason the action of the cells on 1,2-diketo-myo-inositol (XII) could 
not be determined at the same time. A separate experiment comparing 
the action of similar cell suspensions on the diketone, myo-inositol, and 2- 
keto-myo-inositol revealed that L-1 ,2-diketo-myo-inositol was oxidized in 
the same manner as 2-keto-myo-inositol. 

Glucose-grown cells oxidized glucose immediately and oxidized the cyc- 
litols at an increasing rate after an initial period of lag (Fig. 5, a). This 
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increase in the rate of oxygen uptake was depressed, but not completely 
inhibited, by 0.0001 m 2,4-dinitrophenol (Fig. 5, 6). myo-Inositol-grown 
cells, on the other hand, oxidized glucose as well as the cyclitols without 
lag (Fig. 6, a), and the rate of oxygen uptake was not inhibited by 2,4- 
dinitrophenol (Fig. 6, b). The slow oxidation of p-inositol is explained by 
the low affinity of the cells for this cyclitol (Table III). 

Fermentation of Cyclitols by Resting Cells of Strain 1033—Glucose-grown 
cell suspensions fermented glucose rapidly, but were unable to ferment the 
cyclitols even after several hours of exposure under anaerobic conditions. 
myo-Inositol-grown cells could ferment glucose, as well as myo-inositol, the 
two ketoinositols VIII and IX, and the diketoinositol XII. 2-Keto-myo- 
inositol (VIIT) and 1-1 ,2-diketo-myo-inositol (XII) were fermented much 
more rapidly than myo-inositol (I) and L-1-keto-myo-inositol (IX). Seyl- 


Taste III 
Oxidation Rates of Cyclitols in A. aerogenes Strain 1033 Grown on myo-Inositol 
Cyclitol , | Qo, (N)*, 
| maximal 
| moles per l. 
I | myo-Inositol | 0.23 x 10-7 | 1800 
III | D-Inositol | 4.9 X 10-3 | 1600 
VIII =| 2-Keto-myo-inositol | 0.26 x 10-3 | 1500 
Ix | L-1-Keto-myo-inositol | 0.38 X 10°) | 1400 
XII | 1-1,2-Diketo-myo-inositol | 0.27 x 10-8 | 


* Determined by the method of Lineweaver and Burk (11). 


litol (II), which could not be fermented itself, stimulated the fermentation 
of I and IX, but inhibited the fermentation of VIII and XII, and hence 
at certain levels of scyllitol all four cyclitols were fermented at the same 
rate. These experiments will be described in detail in a later publication. 


DISCUSSION 


The results presented in Table I agree with previous observations (12) 
that the ability to attack myo-inositol is a characteristic property of capsu- 
lated strains of A. aerogenes. The nature of the genetic link between cap- 
sulation and inositol metabolism is unknown. Attempts to produce inosi- 
tol-negative mutants by ultraviolet irradiation of the capsulated strain 
1033 were unsuccessful, although amino acid auxotrophs were readily ob- 
tained (13). No mutants of any kind were obtained when the acapsulated 
strain 1041 was irradiated in the same manner.! 

The power to attack myo-inositol (I) is acquired by the cells through ex- 


1 Brooke, M. S., and Magasanik, B., unpublished experiments. 
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posure to myo-inositol. The adaptive nature of myo-inositol dissimilation 
is demonstrated by the kinetics of growth on glucose and myo-inositol. A 
short period of lag intervenes before the growth of glucose-grown cells is 
continued on myo-inositol; however, the rate of growth on myo-inositol 
after this lag is not appreciably different from the rate of growth on glucose. 
It appears, therefore, that all of the glucose-grown cells have acquired the 
ability to grow on myo-inositol. If selection of mutants capable of growing 
on inositol from a population not possessing this ability were responsible 
for the lag, the rate of growth observed after the lag would have to be ap- 
preciably lower. 

The experiments with non-proliferating cell suspensions substantiate the 
adaptive nature of inositol dissimilation. The inability of glucose-grown 
cell suspensions of strains 1033 and HMS to ferment myo-inositol and to 
oxidize it without lag is best explained by the assumption that these cells 
do not possess the enzymes necessary for the attack on myo-inositol. The 
biosynthesis of these enzymes is induced by myo-inositol, but can take place 
only when the necessary energy is made available through the endogenous 
respiration of the cells under aerobic conditions (14). The requirement of 
energy for the adaptation to myo-inositol is further emphasized by the in- 
hibitory action of 2,4-dinitrophenol on this process (Figs. 5 and 6) (15). 
The evidence that adaptation to myo-inositol dissimilation involves the 
synthesis of protein from amino acids has already been described (13). 

In contrast to strains 1033 and HMS, strain 1012 seems to be able to 
synthesize the enzymes necessary for the dissimilation of myo-inositol only 
when supplied with exogenous sources of both energy and nitrogen. Strain 
1041 appears to differ from the three capsulated strains by its genetic in- 
ability of adapting to myo-inositol. 

Other cyclitols which could support the growth of the two capsulated 
strains (Table II) were also dissimilated by adaptive enzymes. However, 
adaptation of the cells of myo-inositol enabled them to attack these other 
cyclitols as well (Figs. 1 to 6). In this respect the response to cyclitols 
differs markedly from the response of organisms of the coli-aerogenes group 
to carbohydrates and other straight chain polyhydroxy compounds, in 
which adaptation to one compound does not impart the ability to attack 
other related compounds without lag (10, 16, 17). The first step in the at- 
tack on these compounds is the phosphorylation of a primary hydroxyl 
group (16). The great specificity of the enzymes responsible for this reac- 
tion explains the independence of adaptation to closely related substances. 
The enzymes responsible for the attack on the inositol derivatives may not 
be specific for one particular cyclitol, but rather may require a certain con- 
stellation of some of the hydroxyl groups and may be indifferent to others. 
Alternatively, the simultaneous adaptation of myo-inositol-grown cells to 
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other cyclitols could be attributed to the réle of these compounds as inter- 
mediates in the degradation of myo-inositol (18). 

The examination of the steric relationships among the cyclitols permits 
us to subject these possibilities to closer scrutiny. The stereochemistry of 
the cyclitols has been discussed in earlier publications (4, 5). In brief, 
the cyclohexane ring exists in the chair form, and the hydroxyl groups are 
located either in an equatorial belt surrounding the carbon atoms or in 
polar planes above or below the plane of carbon atoms. In the case of 
myo-inositol (I) all the hydroxyl groups, with the exception of the center 
one of the row of three cis-hydroxy] groups, are equatorial. In the formula 
above Table II, the hydroxyl group in position p is north polar and is rep- 
resented by a solid circle, while the equatorial groups in the other positions 
are represented by lines. (The symbol of a south polar hydroxyl group is 
an open circle.) 

Examination of Table II reveals that only the polar hydroxyl group and 
the adjacent equatorial hydroxyl group in position a can be replaced if the 
activity of the cells for the resulting cyclitol is to be maintained. Replace- 
ment of either one or of both of these hydroxyl groups by keto groups re- 
sults in compounds VIII, [X, and XII, which can be rapidly dissimilated 
by cells grown on I. On the other hand, epimerization of the polar hy- 
droxyl group yields scyllitol (II), a compound with six equatorial hydroxy] 
groups, which is not a substrate but rather an inhibitor of the enzymes act- 
ing on myo-inositol. Finally, epimerization of the equatorial hydroxy] in 
position a yields p-inositol (III), which can be dissimilated by myo-inositol- 
grown cells, but much more slowly than the other cyclitols. 

The low affinity of the cells for p-inositol (Table III) is not compatible 
with assigning to this compound the réle of an intermediate in the degrada- 
tion of myo-inositol. It seems more likely that both isomeric inositols are 
attacked by the same enzyme which, however, possesses greater affinity 
for myo-inositol. The observation that myo-inositol is more potent in in- 
ducing adaptation to D-inositol than is p-inositol itself (Fig. 4) is in keeping 
with this concept. 

The affinity of the adapted cells for the two keto compounds VIII and 
XII equals their affinity for myo-inositol. Both of these compounds might 
therefore be considered as intermediates in the dissimilation of I. The 
lesser affinity of the cells for IX seems to exclude this compound as inter- 
mediate, but the difference in affinity is slight enough to be of questionable 
significance. 

A hypothetical scheme of inositol degradation can be constructed on the 
basis of these experimental results and is outlined in Fig. 7. myo-Inositol 
(I) is dehydrogenated to 2-keto-myo-inositol (VIII) by an enzymatic at- 
tack on the polar hydroxyl group. An analogous attack on either one of the 
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two polar hydroxyl groups in p-inositol (III) leads to L-1-keto-myo-inosi- 
tol (IX). The same enzyme, with greater affinity for I, may be responsible 
for the dehydrogenation of both inositol isomers. The monoketones VIII 
and IX may be assumed to be in equilibrium with one another through the 
enediol common to both. A second dehydrogenation step results in the 
formation of L-1 ,2-diketo-myo-inositol (XII) from this enediol. 

The first step in this scheme, the dehydrogenation of myo-inositol to VIII 
and of p-inositol to IX, has been previously observed in A. suboxydans 
(19, 7), in which the specificity of the enzyme system for polar hydroxyl 
groups has been clearly demonstrated (4). A. aerogenes differs, however, 
from A. suboxydans, not only by its ability to carry out a complete degrada- 
tion of myo-inositol, but also by its inability to oxidize other inositols such 
as epi-inositol (IV) and L-inositol (V). 
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Fic. 7. Degradation of myo-inositol (I) and of p-inositol (III) by myo-inositol- 
grown cells. 


The réle of 2-keto-myo-inositol and of L-1 ,2-diketo-myo-inositol in the 
metabolism of myo-inositol was further explored by the study of the prod- 
ucts formed in the fermentation and oxidative dissimilation of cyclitols. 
The results of these experiments are described in the following communi- 
cation (20). 


SUMMARY 


The action of several strains of Aerobacter aerogenes on inositols and re- 
lated compounds has been examined. Five of a total of thirteen cyclitols 
tested could support the growth of capsulated strains of this organism as 
sole sources of carbon. They include myo-inositol, two of its monoketo 
derivatives, 2-keto-myo-inositol and L-1-keto-myo-inositol, the correspond- 
ing diketone, L-1 ,2-diketo-myo-inositol, and one inositol isomer, D-inositol. 
Seyllitol, another inositol isomer, was not dissimilated, but inhibited the 
dissimilation of the other cyclitols. The degradation of cyclitols was cata- 
lyzed by adaptive enzymes. Cells adapted to myo-inositol could dissimi- 
late the other four cyclitols without further adaptation. The kinetics of 
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growth and oxygen uptake on cyclitols were compared. A scheme of myo- 
inositol and of D-inositol degradation based on these observations is pre- 
sented. 


The excellent technical assistance of Miss Doris Karibian is gratefully 


acknowledged. 
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THE PATHWAY OF INOSITOL DISSIMILATION IN 
AEROBACTER AEROGENES* 


By BORIS MAGASANIK 


(From the Department of Bacteriology and Immunology, Harvard Medical School, 
Boston, Massachusetts) 


(Received for publication, July 3, 1953) 


The adaptation of Aerobacter aerogenes to myo-inositol degradation was 
described in the preceding paper (2). It was found that cells grown on 
myo-inositol were able to oxidize 2-keto-myo-inositol and L-1 ,2-diketo-myo- 
inositol without lag at the same rate as myo-inositol. These observations 
suggested that the ketoinositols are intermediates in the dissimilation of 
myo-inositol. The present paper describes the identification and estima- 
tion of the products formed from myo-inositol and the ketoinositols by 
resting cells under aerobic and anaerobic conditions. The results confirm 
the postulated degradation of myo-inositol via the ketoinositols and indicate 
the course of the further breakdown of these compounds. 


EXPERIMENTAL 


Materials—The preparation of the ketoinositols has been described (2, 
3). A. aerogenes strain 1033 was grown on myo-inositol, and suspensions 
of resting cells were prepared as described in the preceding paper (2). 

Analytical Procedures—Oxygen uptake and CO, evolution were measured 
in an atmosphere of air in M/15 phosphate buffer at pH 6.0 in a total vol- 
ume of 3.0 ml. by the conventional manometric techniques (4). The read- 
ings were corrected for endogenous respiration. Anaerobic acid and gas 
production were measured in an atmosphere of 95 per cent N»-5 per cent 
CO, in bicarbonate buffer at pH 7.0 in a total volume of 3.0 ml. Endog- 
enous fermentation was negligible. 

At the conclusion of the manometric experiments 0.2 ml. of 1.5 Nn H.SO, 
was added to the contents of each vessel and the cells were removed by 
centrifugation. Aliquot portions of the supernatant fluids were used for 
the assay of remaining substrate and products. 

myo-Inositol was estimated microbiologically with an inositolless mutant 
of Neurospora crassa (American Type Culture Collection No. 9683) (5). 
Glucose, 2-keto-myo-inositol, and u-1 ,2-diketo-myo-inositol were determined 
as reducing sugars (6). Lactic acid was determined by the method of 


* This work has been supported by the William F. Milton Fund of Harvard 
University and in part by funds received from the Eugene Higgins Trust. Part of 
it has been reported in a brief note (1). 
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Barker and Summerson (7), and pyruvic acid was identified by paper chro- 
matography (8) and determined by the method of Friedemann and Haugen 
(9). Volatile fatty acids and ethanol were distilled from 1 to 2 ml. aliquots, 
frozen in the still described by Grant (10). Pyruvic acid was found to be 
somewhat volatile under these conditions. Its distillation was prevented 
by the addition of solid phenylhydrazine sulfate to the sample contained 
in the side bulb of the apparatus. The volatile acids in the distillate were 
estimated by potentiometric titration with 0.1 N NaOH; a Gilmont ultra- 
micro burette (Emil Greiner Company) and a Beckman pH meter were 
used. The presence of formic acid could be inferred from the shape of 
the titration curve. After titration the mixture was adjusted to a volume 
of 5.0 ml. and aliquot portions were used for the estimation of formic acid 
(11) and of ethanol (12). The difference between total volatile acids and 
formic acid was ascribed to acetic acid, since no other volatile acids could 
be demonstrated by paper chromatography (13). 


Results 


Glucose, myo-inositol, 2-keto-myo-inositol, and L-1,2-diketo-myo-inosi- 
tol were all oxidized with the production of 3 moles of COs per mole of 
substrate (Table I). In each case the remainder of the substrate was ap- 
parently assimilated as material of the composition Cs;H,Q3. In the pres- 
ence of 2,4-dinitrophenol the energy derived from oxidation could not be 
used for assimilation, and accordingly an oxygen uptake approaching the 
theoretical value for the complete oxidation of the substrate to CO» and 
H.O was observed (2). A similar balance of assimilation and dissimilation, 
affected in the same manner by 2,4-dinitrophenol, has been observed in 
the oxidation of glucose and other carbon compounds by Escherichia coli 
(14). 

In the presence of As2O;, an inhibitor of pyruvate degradation, glucose 
was oxidized largely to 3-carbon compounds, while myo-inositol and its 
keto derivatives were converted to a mixture of 3-carbon compounds, 2- 
carbon compounds, and COs (Table IT). 

The experiment shown in Fig. 1 illustrates clearly the relation between 
cyclitol oxidation and production of pyruvic acid and CO.. 2-Keto-myo- 
inositol, rather than myo-inositol, was used in this experiment because of 
the greater accuracy of its assay. It can be seen that each mole of ketoin- 
ositol is degraded, with the uptake of 0.5 mole of oxygen and the produc- 
tion of 1 mole each of pyruvic acid and CO,.. The formation of 2-carbon 
compounds from 2-keto-myo-inositol was not measured in this experiment, 
but may be estimated by difference as 1 mole of material of the composi- 
tion C.H,O per mole of cyclitol. The experiment summarized in Table IT 
suggests that this material is a mixture of acetic acid and ethanol. 
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TABLE I 
Oxidation of Glucose and of Cyclitols 

Each Warburg vessel contained 0.5 ml. of a resting cell suspension of myo-inositol- 
grown A, aerogenes strain 1033 (bacterial nitrogen about 0.3 mg.) and 5 uM of sub- 
strate in a total volume of 3.0 ml. of m/15 phosphate buffer, pH 6.0. The oxygen 
uptake dropped to the level of the endogenous control in the course of 90 to 120 
minutes, at which time none of the original substrate could be found in the reaction 
mixture. 


Moles per mole substrate* 


| 
| 
| | Os consumed in 


Substrate CO: produced O: consumed | 0.0001 m 2,4 

| arcsec 
Pet omer ‘Theoret — Pert a 

a - | 7 i- = - | 

ee ee 3.0 | 3.0 3.0 | 3.0 6.0 5.0 
myo-Inositol............. ....{ 3.0 | 3.0 | 3.0 | 3.0 | 6.0 | 5.4 
2-Keto-myo-inositol......... ’ .| 30 | 3.0 2.5 2.6 5.5 | 4.5 
1,2-Diketo-myo-inositol............. 3.0 | 3.1 | 2.0 | 2.2 | 5.0 | 3.8 


. Corrected for endogenous respiration. — 

+ For the reaction, 1 mole of substrate — 3CO2 + [C;H,03]. 

t For complete oxidation. 

§ After 120 minutes. Oxygen uptake, though low, still exceeded the endogenous 
oxygen uptake. 


Taste II 
Oxidative Dissimilation of Glucose and of Cyclitols in Presence of As203 

Each Warburg vessel contained 0.5 ml. of a resting cell suspension of myo-inositol- 
grown A. aerogenes strain 1033 (bacterial nitrogen about 1.3 mg.), 5 um of As2Os, 
and 20 um of substrate in a total volume of 3.0 ml. of m/15 phosphate buffer. The 
reaction was stopped by the addition of 0.2 ml. of 1.5 Nn H.SO, after 50 minutes, when 
the rate of respiration had decreased to about one-third of the original rate. At 
this time about 90 0 per cent of the original substrate had been used. 





Moles per mole 








Products* | ; 
Glucose myo-Inositol | ane ™ | Bat man 

Pyruvic acid........ ped 1.18 0.56 (| 0.40 0.24 
Lactic OF aiakiers ; 0.34 0.05 0.07 0.06 
Acetic ee ale ; 0.14 0 0.35 0.58 
Ethanol........ : ; ‘ 0.11 0.70 0.60 0.63 
a re iz, 0.33f 1.24 1.59 1.87 
O: taken up..... eee ee lm | 0.49 0.36t 
C; compounds.... ous 1.52 | 0.61 0.47 0.30 
Say er | 02 | 070 | 0.95 | 1.2 _ 
Carbon recovered, - a ...| 90 | 75 | 80 | 92 


* Corrected for endogenous production. 

t Rate of CO: production very low at first. 

t No O. taken up during the first 10 minute period. At the end of 25 minutes 
1.3 um of O2 had been taken up and 14.3 ym of CO2 produced. 
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The degradation of pyruvic acid is not completely suppressed by As... 
On continued incubation the accumulated pyruvic acid disappears, with 


the uptake of 0.5 mole of oxygen and the production of 1 mole of CO» per 
mole (Fig. 1). 
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TIME, MINUTES 
Fig. 1. The degradation of 2-keto-myo-inositol in the presence of As:O;. The 
experimental details are summarized in Table II. Each vessel contained 20 uM of 
2-keto-myo-inositol, 5 um of As,O;, and 0.6 mg. of bacterial nitrogen. A-2-K-m-I, 
2-keto-myo-inositol used; Py, pyruvic acid formed. 


A portion of the acetic acid and CO, which were produced in the oxida- 
tion of cyclitols may have come from the slow breakdown of pyruvic acid. 
Similarly, it is likely that all of the acetic acid and CO. formed from glucose 
was produced in this manner (Table IT). 

The end-products of the anaerobic degradation of glucose and of myo- 
inositol are compared in Table III. Glucose did not yield any COs and, 
in the presence of AsO3, was converted to 2 moles of lactic acid per mole. 
On the other hand, myo-inositol as well as its keto derivatives was fer- 








mel 
pre: 
cun 
equ 
of f 
tile 
cou 


gro 
and 
bie: 
CO 
tio! 


O: 








th 
er 


\e 





B. MAGASANIK 1023 


mented, with the production of 1 mole of COs per mole of substrate. The 
presence of As»O; did not prevent the production of COs, but led to the ac- 
cumulation of 1 mole of lactic acid per mole of myo-inositol instead of an 
equivalent amount of acetic acid, ethanol, and formic acid. The recovery 
of fermentation products was not complete. The formation of a non-vola- 
tile acid is indicated by the discrepancy between the amounts of acid ac- 
counted for by chemical determinations and estimated manometrically.' 


TaBLeE III 
Fermentation of Glucose and of Cyclitols 


Each Warburg vessel contained 0.5 ml. of a resting cell suspension of myo-inositol- 
grown A. aerogenes strain 1033 (bacterial nitrogen about 1.3 mg.), 5 um of substrate, 
and, where indicated, 5 um of As2O; in a total volume of 3.0 ml. of 0.006 m sodium 
bicarbonate. The gas phase consisted of 5 per cent CO2-95 per cent Ne. When 
CO, evolution had ceased, the remaining bicarbonate was decomposed by the addi- 
tion of 0.2 ml. of 1.5 N H.SOQ,. 


Moles per mole 








Products | - L-1,2- 
, Gl - | ymye- | 2-Keto- | nixcto- 
Glucose | CASTS | Ein | Mit | Pe 
a een (0 =| 1.95 0 | 0.68 | 0 
NE. oxaneuinsed be pane Soden wna 0 | 0 | O 0 
Acetic D- Ceudee deen sedi ee emma 0.71 | | 0.64 0.93 | 
PO i civncdicncisascrcensaeal eT 0.56 | 0.51 | 
PS horses i Pieiaceviewdeasewn ees 0.75 | 0.97 | 0.72 | 0.68 | 
I ss aie te lees Bat ovishe ata eh wea aN 0 0 | 0.81 | 0.72 | 0.96 | 1.05 
Total acid, chemical................ 1.97 | 1.95 | 1.20 | 0.68 1.44 | 
“ manometric............. 2.26 | 1.85 | 1.37 | 1.24 | 1.54 | 1.62 
Carbon recovered, %............... 70 98 | 77 70 79 
Oxidation-reduction index. ......... 1.05 | 1.00 | 0.95 | 1.00 | 0.97 | 
DISCUSSION 


The inspection of the configuration of myo-inositol reveals that cleavage 
of the bond between carbon atoms 3 and 4 would lead to glucose (Fig. 2). 
Such a direct conversion of myo-inositol to glucose has been postulated to 
occur in phlorizin-treated rats in which the feeding of deuterium-labeled 
myo-inositol led to the excretion of deuterium-labeled glucose (15). On 
the other hand, the observation that myo-inositol and glucose were fer- 


1 The presence of a non-volatile acid, not identical with any one of the acids of the 
citric acid cycle, could be demonstrated in the fermentation fluids of myo-inositol 
and of 2-keto-myo-inositol by paper chromatography. Inhibition of the fermenta- 
tion of 2-keto-myo-inositol by scyllitol (2) led to an increased accumulation of this 
acid. 


1024 DISSIMILATION OF INOSITOL 


mented by A. aerogenes to a quantitatively different mixture of the same 
products militates against the hypothesis that in this system myo-inositol 
is converted to glucose (16). 

The observations reported here show clearly that in A. aerogenes glucose 
is not an intermediate in the degradation of myo-inositol and allow us to 
sketch the broad outlines of the pathway of myo-inositol dissimilation. 

The investigation of the adaptive patterns of the degradation of myo- 
inositol suggested the first steps to be successive dehydrogenations leading 
through 2-keto-myo-inositol to L-1 ,2-diketo-myo-inositol (2). The present 
results support this hypothesis by showing that the two ketoinositols are 


ce] 
23 
Ce Kye Bt KY 
6 5 
D-Glucose myo-\nositol 2-Keto-myo- 
inositol 


| \-24 
0 
C+ C, C5+C,+C, <— o< 


L-1,2-Diketo- 
| | myo - inositol 


[CsHe0s]+3C0, [C3He0s]+3C0, 


Fic. 2. The proposed pathways of degradation of glucose and of myo-inositol. 


| C;H,O; , material assimilated. 


oxidized to the same end-products as myo-inositol (Table I), are affected 
in the same way by As.O; (Table II), and are fermented according to the 
same pattern (Table ITT). 

Subsequent to the formation of the diketone the ring is cleaved. Under 
aerobic conditions the resulting products are partly oxidized to COs and 
H;0 and partly assimilated as material of the composition C;H,O;. The 
aerobic degradation of glucose leads to the same balance of dissimilation 
and assimilation. However, under anaerobic conditions the consequences 
of the difference in the metabolic pathways of glucose and of myo-inositol 
are at once apparent: CO, is produced from myo-inositol, but not from 
glucose. The absence of CO, from the fermentation products of glucose is 
easily explained by the fact that the cells had been grown at a high oxygen 
tension in minimal medium and consequently could neither convert pyru- 
vic acid to acetylmethylearbinol and CO, nor split formic acid to H» and 








COs>. 
that 
accor 
of th 
TI 
was 
expe 
to a 
(Tat 
T 
indi 
T 
whic 
acid 
tati 
pho 
intc 
pat! 
in t 
wa} 
sim 
anc 
enz 
. 
is t 
2-k 
in 
nal 
as 
on 
tot 
cel 
du 
in 
(1 
th 
lic 


m 





)- 


co 








B. MAGASANIK 1025 


CO.. The production of CO, from myo-inositol by the same cells indicates 
that here a different mechanism of decarboxylation is at work and that 
accordingly pyruvic acid cannot be the sole product formed in the cleavage 
of the cyclohexane ring. 

The results of the experiments in which the degradation of pyruvic acid 
was inhibited by AsO; support this view. Glucose was broken down as 
expected to pyruvic acid or lactic acid, while myo-inositol was broken down 
to a mixture of pyruvic acid or lactic acid, ethanol and acetic acid, and CO, 
(Tables II and III; Fig. 1). 

The pathways of myo-inositol degradation and of glucose degradation 
indicated by these observations are outlined in Fig. 2. 

The degradation of myo-inositol by a pathway distinct from that by 
which glucose is dissimilated has its parallel in the degradation of gluconic 
acid and of pentoses by the so called “oxidative pathway” (17). The adap- 
tation to these compounds consists of the induced biosynthesis of specific 
phosphorylases or isomerases which permit the insertion of the compounds 
into the pathway (17). The majority of the enzymes of the ‘oxidative 
pathway” is present in non-adapted cells and fulfils an important function 
in the biosynthesis of ribonucleic acids. Although the “oxidative path- 
way” and the pathway by which myo-inositol is degraded are superficially 
similar in that in both the carbon chain is split with the production of CO, 
and a 3-carbon compound, there is at present no evidence that the same 
enzymes are involved at any stage of the two degradative processes. 

A distinguishing characteristic of the adaptive response to myo-inositol 
is the formation of dehydrogenases which seem to act on myo-inositol and 
2-keto-myo-inositol rather than on their phosphate esters. Further work 
in which cell-free systems are employed will be required to elucidate the 
nature of these enzymes. 

In myo-inositol-adapted cells, myo-inositol can replace glucose completely 
as a source of building blocks and of energy. Thus, the organism grows 
on glucose and on myo-inositol at a very similar rate and produces the same 
total cell mass from equal quantities of these compounds (2). However, 
cells growing on glucose and on myo-inositol differ in their ability to pro- 
duce adaptive enzymes; the formation of histidase is completely suppressed 
in media containing glucose, but proceeds in media containing myo-inositol 
(18). The relation between the dissimilation of carbon compounds and 
the biosynthesis of adaptive enzymes will be discussed in subsequent pub- 
lications. 


SUMMARY 


The degradation of myo-inositol, 2-keto-myo-inositol, and 1 ,2-diketo- 
myo-inositol by myo-inositol-grown resting cell suspensions of Aerobacter 
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aerogenes, strain 1033, has been investigated. The results support the hy- 
pothesis, derived from a study of the adaptive patterns of myo-inositol 
degradation, that 2-keto-myo-inositol and L-1 ,2-diketo-myo-inositol are in- 
termediates in the dissimilation of myo-inositol. The dehydrogenation 
steps are followed by cleavage of the cyclohexane ring into an equimolar 
mixture of a 3-carbon compound, a 2-carbon compound, and COs. Glu- 
cose is degraded by the Embden-Meyerhof scheme. 


I am indebted to Miss Doris Karibian for excellent technical assistance. 


Addendum—We have succeeded recently in preparing cell-free extracts from myo- 
inositol-grown cells of A. aerogenes, strain 1033, ground with alumina, which cata- 
lyze the reduction of diphosphopyridine nucleotide by myo-inositol and cause the 
rapid conversion of 2-keto-myo-inositol to a compound with a strong absorption 
band at 265 my. The activities are not lost on dialysis against water and do not 
require the presence of phosphate. Similar extracts prepared from glucose-grown 
cells are without activity against either myo-inositol or 2-keto-myo-inositol. This 
work is being carried out in collaboration with Mr. Jonas Goldstone. 
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drolysis, effect, Koshland and Clarke, 
917 
See also Heart 


N 


Naphthoquinone: Succinoxidase, effect, 

Reif and Potter, 279 

Narcotic(s): Sulfanilamide acetylation, 

effect, Johnson and Quastel, 163 

Nerve: Lobster, protein amino acids, 

Koechlin and Parish, 597 

Neurospora: Kynureninase, purification 
and properties, Jakoby and Bonner, 

699 

—, substrates, coenzyme, and amines, 

interaction, Jakoby and Bonner, 


709 
Poky strain, respiration, Tissieres, 
Mitchell, and Haskins, 423 


Nicotiana rustica: Metabolism, choline 
effect, Byerrum and Wing, 637 
Nitrogenous constituent(s): Fucus vesic- 


ulosus, Smith and Young, 849 
Nuclease: Ribo-. See Ribonuclease 
Nucleic acid(s): Biosynthesis, liver, 

Fresco and Marshak, 585 


Plant virus, preparation and proper- 


ties, Dorner and Knight, 959 
Ribo-. See Ribonucleic acid 
Nucleohistone: Desoxypentose. See 
Desoxypentose nucleohistone 
Nucleoprotein: Cytoplasmic, spinach 


and tobacco leaves, Eggman, Singer, 
and Wildman, 969 
Nucleoside phosphate(s): 2,6-Diamino- 
purine incorporation into, Wheeler 
and Skipper, 749 
Nutrition: Acetoacetate conversion to 
liver fatty acids, réle, Chen, Chap- 


man, and Chaikoff, 383 

oO 
Organic acid(s): Bryophyllum leaves, 
light effect, Vickery, 369 
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Oxidase: p-Amino acid. See Amino 
acid oxidase 
Succinic. See Succinoxidase 
Oxytocin: Amino acid sequence, chemi- 
cal constitution, relation, du Vi- 
gneaud, Ressler, and Trippett, 949 
Chemical constitution, du Vigneaud, 


Ressler, and Trippett, 949 
Electrophoresis, Taylor, du Vigneaud, 
and Kunkel, 45 

Pp 
Penicillin: Biosynthesis, sulfur com- 


pounds, utilization, Stevens, Vohra, 
Inamine, and Roholt, 1001 
Pentose phosphate : Sedoheptulose phos- 
phate from, Horecker, Smyrniotis, 


and Klenow, 661 
Peptidase(s): Blood, Fleisher, 925 
Thyroid, Weiss, 193 
Phenol: 2,4-Dinitro-. See Dinitro- 
phenol 
Phenylalanine: p-, utilization, Arm- 
strong, 839 
L-, utilization, Armstrong, 839 
Phosphatase: Adenosinetri-. See Ade- 
nosinetriphosphatase 
Phosphate: Adenosinetri-. See Ade- 
nosinetriphosphate 


Phospholipide(s): Liver, synthesis in 
vitro, choline effect, DiLuzio and 


Zilversmit, 867 
Phosphoroclastic reaction: Clostridium 
butyricum, cofactors, Wolfe and 

O’ Kane, 755 
Phosphorylation: Electron transport 
and, Alcaligenes faecalis cell-free ex- 
tracts, Pinchot, 65 
Oxidative, heart mitochondria, yield, 
Maley and Plaut, 297 


Phytase: Intestine, vitamin D, relation, 
Steenbock, Krieger, Wiest, and Pi- 
leggi, 993 

Placenta: Metabolism in vitro, Villee, 

113 
— — —, estradiol effect, Villee and 
Hagerman, 873 

Plant: Virus, nucleic acid, preparation 

and properties, Dorner and Knight, 
959 





INDEX 


Polycarboxylic acid(s): Determination, 
fluorometric, Frohman and Orten, 
717 


Polysaccharide: Muco-. See Mucopoly- 


saccharide 
Porphyrin: Ferromeso-. See Ferromeso- 
porphyrin 
Metallo-. See Metalloporphyrin 


Uro-. See Uroporphyrin 
Potassium: Fatty acid metabolism, ef- 
fect, Geyer, Meadows, Marshall, and 


Gongaware, 81 
Protein(s): Chicken, blood serum, 
Schjeide and Deutsch, 245 
Ferromesoporphyrin and, coordina- 
tion, Rosenberg and Clark, 617 


Hydrolysis, ion exchange resin cataly- 
sis, mechanism, Paulson and Deather- 


age, 909 
Leaf, green, Eggman, Singer, and Wild- 
man, 969 
Lipo-. See Lipoprotein 
Lobster nerve, amino acids, Koechlin 
and Parish, 597 
Nucleo-. See Nucleoprotein 
Proteinase: Thyroid, Weiss, 193 
Proteolysis: Enzymes, carboxyl groups, 
Gladner and Neurath, 345 
Pteroylglutamic acid: Zakrzewski and 
Nichol, 361 
Determination and separation, Zakr- 
zewski and Nichol, 361 


-Related compounds, determination 
and separation, Zakrzewski and 
Nichol, 361 


Purine: 2,6-Diamino-. See Diamino- 
purine 

Purpurogallin: Pyrogallol oxidation to, 
catalase effect, Tauber, 395 

Pyridine: 3-Acetyl-. See Acetylpyri- 
dine 


Pyridine nucleotide transhydrogenase: 
Kaplan, Colowick, and Neufeld, 1 
Kaplan, Colowick, Neufeld, and Ci- 


otti, 17 
Kaplan, Colowick, Zatman, and Ciotti, 
31 


Exchange reaction, carbon 14 in study, 
Kaplan, Colowick, Zatman, and Ciotti, 
31 








Rib 
Rib 


Rib 


Sea 
Sed 


Sod 


Sph 


Spi 


Spl 
Sta 


Ste 














SUBJECTS 


Pyridoxal: Phosphorylation, enzymatic, 
Hurwitz, 935 

Pyrogallol: Oxidation to purpurogallin, 
catalase effect, Tauber, 395 

Pyruvate: 8-Mercapto-. See Mercapto- 
pyruvate 


R 


Resin: Ion exchange, catalysis, protein 
hydrolysis mechanism, Paulson and 
Deatherage, 909 

Rhodanese: §-Mercaptopyruvate sub- 
strate, Wood and Fiedler, 

231 

Ribonuclease: Ribonucleic acids, effect, 
Volkin and Cohn, 767 

Ribonucleic acid(s): Chemical constitu- 
tion, Volkin and Cohn, 767 

Ribose: Carbon 14-labeled, fermenta- 
tion, Lactobacillus pentosus, Bern- 
stein, 309 

Synthesis, chick, Bernstein, 317 


S 


Saliva: Amylase, amylotriose and amylo- 
tetraose hydrolysis, Pazur, 
75 
Sea weed: See also Fucus 
Sedoheptulose phosphate : Pentose phos- 
phate conversion to, Horecker, Smyr- 
niotis, and Klenow, 661 
Sodium: Fatty acid metabolism, effect, 
Geyer, Meadows, Marshall, and Gonga- 


ware, 81 
Sphingosine: Biosynthesis, Zabin and 
Mead, 271 

—, carboxyl-labeled acetate, use, 
Zabin and Mead, 271 


Spinach: Leaf, nucleoprotein, cytoplas- 
mic, Eggman, Singer, and Wildman, 


969 
Spleen: Glycolysis, Roentgen ray effect, 
Hickman and Ashwell, 651 


Starch: Bryophyllum leaves, light effect, 
Vickery, 369 
Steroid(s): Carbons 21 and 19, separa- 
tion, chromatography, paper, Azel- 


rod, 173 
Urine, carbon 14 incorporation, in 
vivo, Ungar and Dorfman, 125 
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Steroid(s)—continued: 

Urine, isolation, cortisone and adreno- 
corticotropic hormone administra- 
tion, effect, Lieberman, Katzenellen- 
bogen, Schneider, Studer, and Dobri- 
ner, 87 
Succinoxidase: Antimycin A effect, Reif 
and Potter, 279 
Inhibition, Reif and Potter, 279 

Naphthoquinone effect, Reif and Pot- 


ter, 279 
Sulfanilamide: Acetylation, narcotics 
and 2,4-dinitrophenol, effect, John- 
son and Quastel, 163 


Sulfur: Compounds, penicillin biosyn- 
thesis, utilization, Stevens, Vohra, 
Inamine, and Roholt, 1001 

Sulfate, incorporation into cystine, 
hen, Machlin, Pearson, Denton, and 
Bird, 213 

—, utilization, hen, Machlin, Pear- 
son, Denton, and Bird, 213 


T 


Thyroid: Iodine, bound, synthesis, Faw- 


cett and Kirkwood, 795 
Peptidase, Weiss, 193 
Proteinase, Weiss, 193 


Tobacco: Leaf, nucleoprotein, cytoplas- 
mic, Eggman, Singer, and Wildman, 
969 
See also Nicotiana 
Transferase: Glutamo-. 
transferase 
Transhydrogenase: Bacteria, adenylic 
acid a effect, Kaplan, Colowick, Neu- 
feld, and Ciotti, 17 
Pyridine nucleotide. See Pyridine nu- 
cleotide transhydrogenase 
Trypsin: a-Chymo-. See Chymotrypsin 
Inhibitors, Green, 535 
Trypsinogen: Chymo-. See Chymotryp- 
sinogen 
Tubercle bacillus: Lipides, fatty acids, 
Cason, Sumrell, Allen, Gillies, and 
Elberg, 435 


See Glutamo- 


U 


Umbilical cord: Hyaluronic acid, aldo- 
bionic acid isolation, Weissmann, 
Rapport, Linker, and Meyer, 205 
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INDEX 
Urine: Ethanolamine, determination, | Valine: Metabolism, Escherichia coli, 
Luck and Wilcox, 859 Adelberg and Umbarger, 475 
—, factors affecting, Luck and Wilcox, Vasopressin: Degradation, Popenoe and 
859 du Vigneaud, 133 
Steroids, carbon 14 incorporation, in Electrophoresis, Taylor, du Vigneaud, 
vivo, Ungar and Dorfman, 125 and Kunkel, 45 


—, isolation, cortisone and adrenocor- 
ticotropic hormone administration, 
effect, Lieberman, Katzenellenbogen, 
Schneider, Studer, and Dobriner, 


87 
Uroporphyrin(s): Edmondson and 
Schwartz, 605 
Decarboxylation, Edmondson and 
Schwartz, 605 

V 


Valeric acid: a-Ketoiso-. 
valeric acid 


See Ketoiso- 





Performic acid-oxidized, degradation, 
Popenoe and du Vigneaud, 
133 
Virus: Plant, nucleic acid, preparation 
and properties, Dorner and Knight, 
959 
See also Bacteriophage 
Vitamin(s): C. See also Ascorbic acid 
D, phytase, intestine, relation, Steen- 
bock, Krieger, Wiest, and Pileggi, 
993 
—, tissue citrate, relation, Steenbock 
and Bellin, 985 





